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Section 1

+NTRODUCTION AND SUMMARY

Space-General Corporation (SGC) under Contract NAS5-9056 £ om the
National Aeronautics and Space Adminiscration, Goddard Space Flight Center
(NASA-GSFC), has completed Phase I of a program for development of a Fine Atti-
tude Control System (FACS).

The FACS will point the experiment package of an Aerobee 150 se-
ries rocket at the sun or at a series of stéllar targets. Utilizing a combina-
tion of gyro-inertial and optical sensors, rapid acquisition e:d precisiocn
pointing are achieved.

The Phase I program involved design, fabricalici, and test of a
breadboard model of the FACS and of associated ground suppori equipment. The
work was based upon an earlier feasibility demonstz:i-n program carried out by
SGC under Contract NAS5-2666. The breadooard FAUS was construzted by integra-
tion of individual breadboard subassemvlies into a structure suitabls for mount-
ing on a fiight similator. Subassembiies were individually tested prior to in-

corporation into the systam. The fina®! demonstration of acceptgbilit. as

carried out at the 3-axis gas bearing é‘ ator facility located at oo’

122 breadboard FACS successitlly met all requirements. ihase II
cf the program, tc be irnitiated shortly, w.ll culminate in flight (- .- o the
FACS.

This document constitutes final Tulfililment of ' . -cquirements
under Phase I.

A close working relationship between GSFC and S0 hes persisted
throughout this work and the feasibility work under NAS 5-2666. The feasibility-
demonstration progrem has been reported in Referernce 4., The feasibility .odel

included the uni-directional esvitchover implementation proposed by GSFC and de-
scribed in Reference 5.
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During this FACS Phase I program, GSFC has provided important

contribut.ons in the following areas:

8.

The fine sun sensor for the FACS is a Goddard derigned and
developed unit. GSFC conceived the tasic idea of a sun sen-
sor whose output characteristics would closely match those
of the long-planned stellar sensor, -.hus per.itting the

FACS to be used interchangeably as & solar pointing or a
stellar pointing system.

GSFC specified and evaluated the Ball Brothers Fine Eyes
and Burr-Brown amp'ifiers, which are comporents of the

sun sensor unii, desigred the electronic circuitry to

shape the output signal properly, packaged the sun sensor
components into a breadboard sub-assembly and made an ex-
haustive evaluation of the packaged sua sensor. The results
of this design and development effort were reported in Re’-
erence 6.

GSFC initiated and tested a modification of the SGC Variable
Time Torquing (VIT) Scheme that utilizes fewer components.
Thie modification, known as the 'current-only mode" was later
tested by SGC. Good test results were obtained by both SGC
and GSFC. This mode has been selected for incorporation in
Ph§se II, resulting in a simplification of the VIT circuitry.

GEFC proposed, implemented and investigated a lag “eedback
scheme for the FACS which nas resulted in a marked improve-
ment in the fine 1limit cycle performance. This same tech-
nique was also applied by GSFC to the IACS with a correspond-
ing improvement in coarse limit cycle performance. GSFC

has optimized the lag feedback circuitry for both coarse and
fine modes, and has transmitted the results to SGC for in-
corporation in Phase IT.

GSFC also proposed and established the values for the soft-
limiting technique in the coarse pitch and yaw channels.
This permitted a reduction in rate gain with a consequent
redr.tion in the valve "hammering" that occurred at high
acceleration.

GSFC ccnceived, designed and developed a sophisticated 3-axis
alr bearing facility capable of demonstrating the fine point-
ing performance of the FACS. This fecility has an operating
and measurement resolution of about + 1 arc-second.

NE:]
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2.2 " OPERATIONAL REQUIREMENTS

vehicle through the powered portion of flight.. After burnout of the Aerobee 150

Sectiun 2

FACS REQUIREMENTS

GENERAL

n
-

The Fine Attitude Control System (FACS) has been designed to be
suitable as either a solar pointing . a stellar pcinting FACS for the Aercbee
150 series rcckecs. Initially, the system will be used as a soiar pointing
FACS. However., the same system, with minor modifications and adjustments (in-
cluding substitution of a fine stellar sensor for the fine solar sensor), will

be suitable as a stellar pointing FACS.

The FACS consists of two basic subsystems: an Inertially -
Referenced Attitude Control System (IACS) that places the rocket longitudinal N
axis approximately on target and provides roil control for the entire coasting 5
portion of‘flight, and a Solar (or Stellar)-Referenced Attitude Control System %

(SACS). The SACS senses the pointing errors in pitch and yaw after the IACS

-has stabilized the rocket approximately on target, and takes corrective action .

to remove these errors. In addition, the SACS initially corrects the accumu-

léted pitch and yaw errors in the JACS and concinually maintains this correc-

tion during the viewing time on the target.

The system design permits use of just the LACS portion of the
system in the normal IAZTS mode. Five roll-pitch or roll-yaw maneuver capability

. - . 0 ) .
is required, each manewver ranging from 10~ to 75 per axis.

The Aercbee rocket flies as a spinning, aerodynamically-stabilized

rocket, the IACS munenvers and stabilizes the rocket in threc axes so that the
vehicle longitudinal axis is pointed at the desired target within 20 in each
axis. At this time the vehicle is oscillating in each axis in » limit cycle

that is approximately i 0.25o in amplitude. The SACS thereafter takes over

E/
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control in piteh and yaw to accomplish two functions. First is the correction
f the pitch and yaw reference errors in the IACS. The second is the control
of the rocket in pitch and yaw in such a way that the rocket is stabilized
within + 28 arc sec of the reference established by the solar (or stellar) sen-
sor; i.e., each axis is stabilized within +20 arc sec (28 arc sec//Z). Fine
jets are used in the SACS to accomplish this fine stabilization. It is decired
that fine stabilization occur within 10 sec after the IACS has stabilized the
rocket approximately cn target. The IACS continues to maintain roll control
and stabilization during the entire coasting flight. The IACS roll limit cycle
amplitudes and frequencies are acceptable if they do not affect the fine stabi-

lization performance requirements in pitch and yaw.

During the viewing time on target, the SACS continually nulls out
the reference errcrs in the TACS by caging the pitch and yaw gyros ﬁo the ref-
erence established by the fine sensor. In the stellar pointing FACS, control
is switched back to the IACS at a pre-programmed time. The rocket is maneuvered
to new coordinates near another stellar target, at which time the previously

described sequence is repeated.

2.3 PHASE 1 REQUIREMENTS

The objective of the Phase I program was to provide an FACS design
meeting the above basic requirements. Additional specific features of system

design were specified as follows.

2.3.1 BASIS FOR IACS DESIGN

The IACS portion of the FACS shall be based in general on the
configuration developeg under contract NAS 5-299 together with certain modifica-

tions incorporated in IACS S=rial No. 17.

2.3.2 TACS INERTIAL REFERENCE

The inertial reference in the IACS shall consist of a roll stabi-
lized platform containing two 2-degree-of-freedom gyros. The gyros are to be

mounted such that their spin axes are nominally horizontal and orthogonal to



one another, with the outer gimbal cf each gyro serving as an inertial roll
reference. The roll synchro output of ocne gyro shall serve as the error detec-
wor in a servo drive Lhat stabilizes the platform in roll for Aercbee 150 spin
rates up to 3.0 rps. A platform synchro, similar to the gyro synchro, shall
serve as the roll error detector for the IACS after despin. It is also permis-
sible to mix the platform synchro output with the roll gyro output to form the
roll error signal. The inner gimbal of one gyro shall serve as the inertial
reference in pitch while thet cf the other gyro provides the yaw reference for

the positional crientation of the rocket after despin.

0.3.3 TACS RATE STAPILIZATION

The positional control lcop in each axis shall utilize fixed rate
feedback from a rate gyro for stabilization purpuses. A single value of rate
gain feedback per axis shall be used fecr all maneuvers. The value of rate feed-
back shall be such as to provide critical or over-damped orientation for roll
step maneuvers up to 180O after despin and for ramp mancuvers up to 750 in eack
axis through the remainder of coasting flight. After roll despin and capture,

a one-time change in rate gain feedback in roll only is desired to optimize ramp
maneuvers up to 750. A design goal should be the use of a single Tixed level
of rate feedback in each of the pitch and yaw axes, if at all compatible with

reasonable IACS limit cycle cieration as w21l as FACS operaticn.

2.3.4 TORQUING DEVICES

The torquing devi:es in each axis tghall be on-off jets operating
from the residual helium in the rocket tanks after pcwered flight and despin.
The selected single value of rate feedback in each axis for critical or over-
damped orientation shall take into account the expected variaticn in jet thrust
during coasting flight as the tank pressure drops, as well as the variation in

vehicle inertia from one payload “o another.

2.3.5 DESPIN CONTROL AND INITIAL CAPTURE

Despin control shall use rate information from the roll rate gyro

to bring the rocket spin rate to near zero after powered flight. At this point,

L
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-uil capture shall be performed by means of the positiunal control system fol-

lowed by vehicle pitch and yaw stabilization to the initial gyro settirgs.

2.3.6 PRELAUNCH ADJUSTMENT

The initial inertial reference settings of the position gyros in
pitch, yaw, ano roll shall be performed or the ground prior to launcn by appro-
priate precision torquing and monitoring of, the spin axis of each gyro. These
of fset angles shall he limited to 20° maximum in each axis, and shall be accu-
rate to within + l/lLO of the desired values. The breadboard system design and
associated grouné equipment shall contain provision for offset caging of tlhe
gyros via three-wire gyro synchros in addition to offset caging via two-wire

gyro syanchros.

2.3.7 MANEUVER SEQUENCE

After stabilizaticn to initial coordinates, subsequenl maneuvers
are to be performed as follows. 7The roll gyro is to be torqued to the pre-
determined angle with the vehicle fonllowing in roll during this time. Pitch
and yaw gyro torquing and pitch and yaw maneuver are to be disarmed unt.1l both
the roll torquing is complete and the vehicle has stabilized in roll within some
small angle. At this point, pitch gyrc torquing and pitch maneuver are to be
activated. At the completion of the pitch maneuver, yaw gyro torquing and yaw
maneuver are to be activated, enabling the TACS to complete the vehicle maneuver.
The torquing angles shall be accurate to within L% of the desired values or
within l/ho, whichever is greater, for all iaverter frequency and voltage varia-

tions and for a range of temperature from 520F to 140°F.

2.3.8 TRANSFER TO SACS OPEFATION

When the IACS has stabiliz«l the vehicle approximately on target,
with an oscillation of + O.jo or less for about one second, the pitch and yaw
gyros are to be caged to the fine solar (or stellar) sensor. The output error
voltage of each gyro will very quickly rise to a level determined by the fine

sensor error voltage. The remainder of the IACS remains in operation so that

YT Sty o



the IACS jets torque the rocket to a new position that will minimize these gyro
e¢rror voltages. When each gyro error voltage again decreacses to a level cor-
responding to + 0.50 or less, for about 1 second, that axis can independenily
switch over completely to fine jet stabilization, using the abpropriate axis
error information of the fine sensor. The caging of the pitch and yaw gyros to
the fine -»nsor is to remain locked~in during the entire viewing time on target.
If, i any reason, the attitude error of the vehicle in any axis increases to

a point where the caged gyro output voltage exceeds that correspording to + 0.50,
vehicle stabilization in the axis shall revert to the coarse jets of the IACS.
Re-transfer to the fine Jjets shall take place as described rreviously. In the
case of tre stellar polnting FACS, lhe subsequent pre-programmed maneuver wiil
remove the lock-in of the gyro caging and cause appropriate torquing >f the gyro
axes and vehicle stabilization to the new target via the IACS. Transfer to the

SACS will occur as previously described.

A design goal should be the use of a single level detector in
each of the pitch and yaw axes to serve as both the SACS-enable level detector
(0.5O nominal) and as a detector indicating completion of IACS-controlled

maneuvers.

2.3.9 FACS PACKAGING DESIGN

The design shall be based on a modular concept of distinct. read-

ily interchangeable components and subassemblies.

2.3.10 AC POWER SUPPLY

A single, sine-wave inverter shall supply the two-phase, 26-volt,
400-cycle requirements for the FACS. The inverter shall have a frequency regu-
lation of + 0.2% and a voltage regulation of + 2% for input voltages from 2L to
34 VDC, output load variations from 25% load to full load, and temperature

variations from 520F to 140°F.

2.3.11 DC POWER SUPPLY
A single regulated DC power supply, fed sclely from the inverter, §
shall supply all the regulated DC voltnges required in the FACS. g




Section 3

FACS DESCRIPTION

3.1 CCNFIGURATION AND OPERATION

A simplified block diagram +* the FACS is shown in Figure 1. It
shows the desigration of TACS and SACS used herein to identify the two basic
FACS subsystems.

The TACS is a self-contained control system, capable of use by
itself or in conjunction with the SACS subsystem. The major assemblies of the
JACS are: roll-stabilized platform incorporating two free gyros, rate gyro
package, static irnverter, DC power supply, programmer, IACS control unit, and

reaction Jjet pneumatic circuits.

The SACS provides the auxiliary control channels needed for pitch
and yaw fine-pointing control using line-of-sight error signals fium a steliar
(or solar) sensor. The SACS consists of sensor, derived-rate networks, logic
circuitry for changeover from IACS to SACS operation, reaction jet control elec-
tronics, and low-thrust jet pneumatic circuits. All power requirements are pro-
vided by the IACS. The IACS programmer provides an initiation signal for SACS

operation when a target-seeking maneuver is completed.

More detailed block diagrams are shown in Figure 2 (pitch and yaw)
and in Figure 3 (roll and slaved roll). The following description covers all of
the logic and timing functions shown in these diagrams. Several optional pro-
visions are included. These optional features were incorporated in the bread-
board FACS for subsequent evaluation. A selection of the preferrcd configuration
wae then made during tests on the 3-axis simulator. Appendix VL1 describes the
method of implementation for each of the optional features. This appendix also

covers operating procedures for the breadboard FACS and its associuted GSE.
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5.1.1 FACS SEQUENCE OF OPERATION

3.1.1.1 BEFORE LIFTOFF

External power is applied to the system 20 min prior to launch.
The offset conditlons required to compensate fcor gyro drift, tower tilt, and
launch delays are determined and appropriate offset commands are applied to

the gyros.

3.1.1.2 POWERED FLIGHT

During powered flight the gyros mzintain their off: -t-caged posi-
ticn except for smsll drift. The predictable portion of this drift is taken
into consideration at the time of introducing offset commands. At burnout the

gyros provide the inertial reference upon which the programmed maneuvers are

- based.

3 1.1.3 SUSTATINER BURNOUT

At sustainer burnout, the thrust decay activates the propellant
shutoff valves. Actuation of the "g" reduction switch initiates action of a
unijunction timer by energizing self-locking relay KL(P)*. The time-delay de-
lays the despin operation until the vehicle altitude is sufficient to minimize

roll aerodynamic moments.

5.1.1.h4 IESPIN AND ROLL CAPTURE

Upon completion cf the delay-time interval, the timer circuit
energizes se%ﬁ-locking‘relay K2(P) which arms the despin and roll-control valve
_eiret w (1) , and also provides the first of two "AND" No. 1 signals needed for

progression of the programmer sequence.

At this time the roll control channel is receiving position-plus-

réte information from the roll stabilized platform and the roll rate gyro.

# (P) designates programmer relay, (I) designates IACS control unit relay,
and (8) designates SACS control anit relay.

#¥ Parenthetical numbers refer to points designated in Figures 2 and 3.
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The presence of a vehicle CCW spin rate turns con the despin valve. The despin
valve remains on until the roll position-plus-rate signal is reduced to within
the switching thresholds. The roll control channel continues to produce appro-
priate valve switching acticn until the vehicle is oriented to the roll gyro
nll and body roll rate ic low. The first turn-ou of the roll CCW valve ener-
gizes self-locking relay K7(I), thus disabling the despin valve and permitting
the roll CW valve to respond to switching commands. Energization of relay K7(I)
alsn enables the ITACS pitch and yaw valve drivers. Since the cutput signals cof
the pitch arnd yaw position gyrcs are grounded, the valve driver circuits operate
off the rate gyro signals and thereby provide rate stabilization during the re-

maining period of roll capture.

At completion of roll capture, when the absolute value of the roli
position error is reduced to within a fixed threshold level, the seccnd necessary
"AND" signal (2) is provided to the sequence logic at "AND" No. 2. Suitable
filter action in the absolute value cirenit prevents premature :ontinuation of

the sequence should the condition of zero position error plus high rate occur.

Preserce of the necessary inputs at "AND" No. 1 results in program-
mer output (3) energizing relay K9(I) which isolates the pitch and yaw positios
error signals from ground and results in position-plus-rate control of the IACS
vaiue trigger cirvcuits. Relay K9(I) can be wired to provide a self-locking con-
tact. In this configuration, position-plus-rate control is maintained without
subsequent interruption. Programmer output (3) also energizes relay K3(I) which
reduces roll rate gain after initial capture. Relay K3(I) can be wired to pre-
vide a seli-locking contact. When used, the low valre of roll rate gain is

maintaired without subseguent interruption.

3.1.1.5 PITCH AND YAW CAPTURE

Completion of despin and roll capture permits removal ot any pitch
or yvaw errors. The presence of error signals produces appropriate control valve
action to orient the vehicle to the pitch and yaw gyrc nuils and thus reduce er-

row signals to a low value.

The absolute value dctector circuits in the pitch and yaw channels
provide inputs (4) and (5) %o the programmer, and also energize relays Ki.(I) and

12



K2(1) used for ratc-gain change. The rate-gain is automaticaliy selected, de-
rending upcn wnether position error is greater ¢~ less than the threshold of
the half-trigger following the absolute vzlue zircuit. Relays K1(I) and K2(T)

are energized when the position errcr is less than the trigger level.

3.1.1.6 SLAVE OUTER GCIMBAL OF YAW GYRO

Pitch and yaw pcsition signals (4) and (5) together witn rcll-
position signal (2) indicates completion of 3-axis caepture. These inputs are
applied to "AND" No. 2. The fourth condition necessary at "AND" Nc. 2 is al-
ways present when gyrc torgquing is not in prccess (i.e relay K3{P} is de-
energized). The presence of all four inputs at "AND" Nc. 2 produces a progfam—
mer output at (5) which triggers an SCR and enzbles the slaved-rcll torquing
relay drivers. These Grivers control actuation of relays K4(I) and K5(I) to
apply torquing voltages as necessary to h.1@ the slaved-rcll gimbal near null.

This function is uninterrupted for the remainder of flight.

5.1.1.7 BEGIN FROGRAMMED MANEUVERS AND HOLDS

The program sequence is now ready to begin the programmed maneu-
vers and holds. When the output from "AND" No. 2 is present, and flip-flop
No. 1 is in the "zero" state, "AND" No. 3 provides az trigger fcr the one-shot
multivibrator. Flip-flop No. 1 is held in the "zero" state in the ledex stort
position. Subsequent ledex action removes this "hold-zerc" condition, and
thereafter flip-flop No. 1 can be put in the "zero" state only at initiatic c*
gyro torquing. Flip-flops Nos. 2 and 3 are each held in the "one" stute in tne
ledex start position.

Action of the one-shet mudtivibrator provides a puise which:

a. Pute flin-flcp Nc. 1 in "cne" state. (With f1ip-flop Ne. 1
in the "one" state, changes in output cf "AND" . . 2 are
prevented from initiating repeat one-shot acticn.)

b. Places flip-flop No. 2 in the “zero" state *hereby initiating
the hold timer (i.e., relay K;(P) is de -nergized, thereby
removing the shunt around the timing capacitor, and the in-
*egrator is permitted tc cperate).

¢c. Steps the ledex one position.

15



3.1.1.8 FIRST HOLD

Each ledex position establishes a hold time and maneuver comnand.

The function of each ledex deck is as follows:

a.

d.

Ledex deck No. 1 controls the actuation of relays to maxe
the appropriate selections on the sign and axis of maneuver.
The maneuver itself does not occur until after the hold-time
interval is over. Relay K5(P, determines the direction of
maneuver, and relays K6(P) and KB{P) establis! the axis of
maneuver.

Iedex deck No. 2 provides the resistance value required by
the timer-integrator to produce the desired hold time and
p.ovides a signal to flip-flop No. 4 in the SACS when SACS

PR $o Apctpad
OpEraviln 1is Gesired.

Ledex deck No. 3 provides a patched-in comparison voltage
to the comparator and trigger, thereby fixing the magnitude
of the maneuver (i.e., angle through which the gyro is
torqued).

ledex deck No. L provides a digitized output whick permits
identification of the ledex position at any time.

When the hold-time interval is complete, the output of the uni-

junction timer puts flip-flop No. 2 in ti:: "one" state thereby resetting the

timer (i.e., energizing relay X7(P), and puts flip-7fio; No. 3 and flip-flop

No. bk in the "zero" state.

3.1.1.9 INITIATE FIRST MANEUVER

Placing flip-tlop No. 3 in the "zero" state actuates the torque-

control relay driver. Wwhen the torgue-control relay K3(P) is energized:

a'

Torquer voltage circuits are completed and torquing action

is started. Since ledex deck No. 1 has established maneuver
parameters, precession of only one of the gyro gimbals oc-
curs. If the maneuver is in either the pitch or yaw axes,
relays K6(P) and K8(P) apply an input to the torgquing-control
integrator to compensate for variations in gyro inner gimbal
lag angle. (A discussion of lag angle compensation is in-
cluded in Appendix X.)

The shunt around the operational amplifier is removed, there-
by permitting integration of the torquer voltage and current.
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c. Logic voltage is applied to place flip-flop No. 1 and flip-
flop No. 4 in the "zero" state; ccncurrently the fourth in-
put ic removed from "AND" No. 2. (A cne-shot trigger can-
not occur with this input removed.)

5.1.1.10 COMPLETE GYRO TORQUING

Gyro torquing ccntinues until the desired torquing angle hLas been
obtained. At this time, the comparator and trigger prcvide an cutput whicl. re-
turns flip-flop No. 3 to the "one" state. When tiip-flop No. 3 goes tc the

"one" state, the torque control relay K3(P) is de-energized and:
a. Torquer circuits are opened.
b. The integravor capacitor is discharged.

¢. The flip-flop Nc. 1 and flip-flop No. L "zerc" state -ignals
are removed (the flip-flops remains in the "zero" state).

d. The fourth signal (indicating not torquing) is reapplied to
"AND" No. 2.

3.1.1.11 CMPLETE TIRST MANEUVER

When all necessary inputs are present at "AND" Nc. 2 and "AND"
No. 3 (i.e., all axis error. low, not torquing, and flip-flop No. 1 in "zero"
state), the one-shot is again triggered and the ledex is stepped. This next
ledex position can produce either a hold or a maneuver, as desired. The SACS

portion of the FACS would be operative only during hold periods.

5.1.1.12 ENABLE SACS

When flip-flop No. 4 is in the "zero" state, the SACS is disabled.
When the IACS hold timer is started, a pulse is transmitted to flip-flop No. L

1"

in the SACS, placing it in the "one" state. The flip-flop state change provides
an input to "AND" No. 4. This represents one of three conditions necessary at

"AND" No. 4 to permit the SACS acquisition sequence to proceed.
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3.1.1.13 SACS ACQUISIT.ON

When toth the pitch and yaw gyro errors are below a desired thres-
hold value (0.4°) the output of half-trigger circuits provide the remaining two
conditions at "AND" No. 4. With all three inputs present, time delay No. 1 is
permnitted to operate. When this condition persists for the time-delay interval,
relay K5(8) is energized thereby enabling the relay drivers in the pit~h and yaw
gyro terquing circuits and enabling the TATS-to-SACS valve switchcver circuits.
Once K5(8) hes eneirgized, it is held energized through ancther relsy driver which

is operable so long as flip-flep Nc. Ut remains in the "one" state.

A similar sequence applies tc "AND" Noc. €, time delay No. 3, and

relay Ki(S). This relay provides a start signal for the stellar senscr.

With the gyro torquing circuits enabled, the presence cf a fine
sensor pointing error produces gyrc torquing toward the desired target. Gyro
torquing is controlled by relays K2(S), K3(S), K7(S) and K8(S). In general,
initial gyro torquing occurs so rapidly that tne half-trigger inpute at "AND"
No. 5P and "AND" No. 5Y disappear and consequently valve switchcver does not

immediately occcur. The TIACS jets then accelerate the vehicle toward the target.

As the line-or-zsighv pecinting errors vecome small, the gyro error
signals zlso are reduced. When either the pitch or yaw gyrc error signal is be-
low the desired threshold level, the corresponding half trigger prcduces an in-
put to "AND" No. 5. This input permits operation of time delay No. 2. When the
gyro error remains below the threshcld level for the time delay No. 2 interval,
the TACS jets in that axis are disabled, and the SACS jets are enabled. his
action is produced by relays Ku(S) (pitch) and K6(8) (yaw).

The SACS Jjets are controlled by circuits operating off the fine
sensor output signals. These civcuits consist of operational amplifiers with

le. i-lag characteristics, triggers, and valve drivers.

3.1.1.1k RETURN T0 IACS CONTROL

When gyro torquing is again initiated by the programmer, flip-

flop No. 4 is restored to the "zero" state. This removes the "AND" No. 4 input

16



and disables the K5(S) and K1(S) reilay driver. De-energizaticn cf K3(3) dis-
ahles the valve switchover =ircuits and control reverts tc the coarse jets.

Thc torquing relay drivers are disabled.

3.1.2 GYRO CAGING INTERFACE
Operation of the 4SE caging iz luits energizes relsys which peo-
form the following functions:

K9(S) Connects the GSE torquing relays tc the pitch gyro torquer
(and isclates the SACS torquing circuits).

KLO(S) Provides the same functicn as above for the yaw gyro
tecrquer.

K4(P) Disables torque control relay K3(P) and sets flip-flop
Nc. 3 in the "one" state thereby preventing applizatior
of torquing voltages through the programmer. Prcgrammer
output (7) must be present at the GSE befcre torquing
voltages are applied from the GSE. This insures that re-
lay K3(P) has been we-energized.

K6(I) Disables all pitch ind yaw valves; enables the TAGS valve
drivers. The valve drivers are used tc provide a GSE
monitor of the driver circuaits.

K8(I) Isolates the pitch and yaw position gyrc demod cutputs
from ground so that positicn signals are transmitted to
the valve-drive triggers.

Operation of the GSE caging circuit also enables the slaved roll

torquing relay drivers, thereby caging the slaved rcll gimbal.

3.1.3 CONTROL PARAMETERS

For convenience, block diagrams have bee prepared tc show param-
eter values in the FACS control circuit. These diagrams include all gain terms,
filter characteristics, and trigger levels. Figure L4 shows pitch and yaw chan-

nels for both the TACS and SACS. TFigure 5 shows the roll and slave roll channels.

Figure 6 shows the conventicn employed for rol., pitch, and yaw,

tody axis definition, and direction of rotation.
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VIEW LOOKING AFT
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Figure 6. FACS Body Axis Definition
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The polarity of DC gignals and phase of AC signais in the FACS
is related tc angular rotation about the body axes in Tabtles 1 and 2. Table 1
shows the IACS sign and poclarity designations and Table 2 shcws the SAJCS

designations.

3.2 BREADBCARD FACS

Photographs of the breadboard FACS structure, with all of the
subassemblies mounted thereon, are shown in Figures T, 8, 9, and 10. Back
photo showe a different quadrant of the cruciform-shaped structure. Threre are
two compariments in each quadrant ror a total of eight subassembly
compartments.

All of the bresdboard subassemblies. except for the "J" box, are
; jY )

easily removable from the main FACS mounting structure. The "J" bcx, and as-
sociated system pig-tail narnessing, was assembled on the structure. The pro-
grammer , IACS control electronics, SACS conirol electroniecs, and telemetry sig-
n: conditioner are all plug-in units to the main structure. The photograph in
Figure & shows the structure harness/subaSSembly'plug—in connector technique
ased for these four units. The vacant compartment (spare) shown in the photc

was later vused to mount the GSFC delay:<d-feedhack circultry for the SACS.

3.2 BREADBOARD GSE

The FACS breadboard ground support equipment is shown in Figures
11, 12, und 13. This equipmen’ was used for system checkcout dnricg the bench
tests «b SGC and the 3-axis cimulator tests at GSFC. The GGE conecl. prrvides
211 neccornry switching contrcl and gyro caging (cr «ffsetl cagiang) circuitry
required for full remcte control of the FACS during test. The GSE is connected
te the FACS, except during 3-axis tests, via an unmbilical cable. Wheo more
complele information about the system is required during ststic tests, a test

cable is provided for further interccnnecticn between the system and GSE.
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Figure T.

Breadbcard FACS, View No. 1
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Figure 2.

Breadboard FACS, View No. 3
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Breadbouard FACS, View No. L
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Figure 11.

Breadboard GSE, Front View
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3.4 FACS SUBASSEMBLIES

The breadboard FACS is divided into ten major cubassemblies as

follows:
Static Inverter Telemetry Signal Zcnditioner
DC Power Supoly "J" Box
Programmer Roll Stabilizer Plztform
IACS Control Electronics Rate Gyros
SACS Control Electronics Fine Sensor (Stellar cr Solar)

Complete subassemblv detailed functional descriptions, schematic
diagrams. ané component layout drawings are presented in Appendix I. A complete
parts 1list of all the FACS subassemblies is presented in Appendix IT. Test data
from the bench tests for the subassemblies (and the mcdules ccatained within

them) are presented in Appendix IV.

3.4 STATIC INVERTER

The static inverter is a sine-wave, 2-phase, DC-tc-AC inverter.
A1l of the 40O-cycle AC powe- for the FACS and supporting GSE is supplied by
this subassembly. A photograph cf the breadbcard static inverter is suown in
Figure 14. This photo was taken piricr to bench testing and therefcre doesn't
show the heat sink transfer block into which the output power transistors were
later mounted. During the static inverter bench tests, all of the cpecified
requirements for the AC power supply described in Section 2 of this report vere

achieved.

3.4h.2 DC POWER SUPPLY

The FACS logic and contrcl circults require a + 15-VDC power
supply. The requirements for the DU power svoply, Section 2 of this report,
were modified prior to constructicn cf the breadboard. The original GSFC re-
quirement was that the static inverter be tne scurce of input power for both

the positive and negalive IDC regulators of the DC power supply. Approval to
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Breadboard Static Inverter Subassembly

Figure 1h.



supply only the -12-VDC regulztor by the static inverter, and tc uce the unreg-
ulated + 20 VDC of the TACS for the + 15-VIDC regulator, was later acquired from

GSFC. A photograph of the breadtcoard DO poewer supply l¢ showa in Yigure 15.

3.0.% PR.OGRAVMER

The prcgrammer subassembly iacludes the necessary lcgi:/timiug
circuitry for coast-time delay, maneuver-command storage, gyro tcrquing, target®

viewing time, and sequence contrcl.

The programmer contains all of the system logic and sequencing rc-
gquired for use of Jjust the IACS portion of the FACS in the IACS moce. Additicn-
211y, appropriate loglc signals are vrrovided at the interface with the SACD con-

trol electronics to enable the SALCS

O

ircuits at the start of target-hclding, and

to disable the SACS circuits upcon starst of IACS maneuvers.

A patchboard panel is incorporated in the prcgrammer to provide
maximum flexibility with minimum time required for prcgramming. The patcthbosrd
panel consgists of a printsd circuit matrix where the ver - 1 and hcrizontal
strips are on opposite sides of the board. ©Small screws conaect a hcrizcntal

and a vertical crossing point tc effect a pregrem function.

Program functions that are patched “aclude the axis and direction
for each maneuver, and the zequence of hcld times cn each target. Duralicn of
each "hold" is determined by resistors mounted on a terminal strip next to the
patch-board panel. Maneuvers and holds can be patch-programmed in any segquence
desired by the experimenter. The magnitude of each maneuver is seleruved by set-
ting precision potentiometers for a suitable reference voltage tc be spplied te
the coniparator circuit in the variable-time-tcrquing secticn cf the prcgrammer.

Photogrephs of the breadboard programmer are shown in Figures 16 and 17.

5.0k TACS CONTROL ELECTRONICS

The 1ACS control electronics subassembly contains the required
control circuitry for the roll, pitch and yaw high thrusi valves as well ae tho
slaving of the yaw gyro outer gimbal. Alsc included in the IAZS control ele -

tronics are the absolute value level detector circuits whi:h monitcr the pcsitlon
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gyro error signals in rcll, pitch and yaw, and provide an cutput which indicates
vehicle "capture" in each respective axis. hese "capture" cutputs are used to
control bi-level rate gain in the coarse control circuitry and slso are used by
the programmer for program loric seguzncing. Photographs of the IATS control

electronics subassembly arc shown inFigures 18 and 19.

3.4.5 SACS CONTROL ELECTRONICS

The SACS control electrconics subassembly contains all the logic/
timing and contreol circulitry necessary fcr the adaptation of an IACS to a full
FACS configuration. Provision is made fcr all logic and sensing circuitry needed

for target acquisition and subsequent transfer of control fran the TADS t5 the

The SACS contrcl circuits amplify and shape the fire sensor output-
to providg position-plus-rate signals tc the switching cirsuits that drive the
fine control valves. Provision is also made for gyro torquing centrol tc pro-
duce tne desired correspcndence between gyro and fine senscr reference. Fhoto-

graphs of the SACS control electronics subassembly are shown in Figures 20 and 21.

3.4.6 TELFMETRY SIGNAL CONDITIONER

The telemet;y signal conditioning subassembly provides pre-
telemetry conditioning of all monitored sigrals frcaa the FAGS. All ocutputs
from this unit are conditioned zero to .+5 VIC (with the exception cf the L00-
cycle frequency monitor which is fed directly to the transmitter of the telem-

etry system being used) for ready use hy mnst telemetry systems in generél use.

Photographs of the Tzlemetry Signal Ccndi*icning subassembly are
shown in Figures 22 anc 23. A complete calibration procedure of fhis unit is

presented in Appendix VI. . ) -

z2. g JUNCTION BOZ

A1l of the FACS subassemblies are interconnected in the "J" box
shown in the lower compartment of Figure 9. The "J" tox is the cenmiral distri-
bution point of all system péwer and cc:tains the power switchcver relay for

transferring from external tc internal +28-VDC battery power..
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Breadboard IACS Ccntrol Electrcnics Subassembly, Rear View

igure 19.
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3.4.8 ROLI. ETABILTZED PLATEORM

The roll stabilized platform (RSP) incorporutes two free gyros
vhich provide the inertial reference for the IACS. This subavcembly tac under-
gene successful development and flight test. A photograph of the RSP iz shown

in Figure 2L.

ae platform mount is servo driven to continually null the out-
put of the voll gyro synchro, thereby masintaining an essentialily =stable roll
p>2tform for vehicle spin rates up to 3.0 rps. A tachometer, which senses plat-
form rate relative to the vehlele, provides the rnecessary damping. Vehicle roll
position error is obtained by combining thz oultput signals from the roll gyro
synchro and from a platform position sy. ~hro. This technique elfectively elim-
inates any platform dynamics from the vehicle roll-control loop and the roll-
gyro caging loop. The inner gimbals of the two gyros provide the pitch and yaw
ceference. The FACS RSP will meetv all of the requirements specified in Seection

2 of this report.

2.1.9 RATE GYROS

The rate gyro subassembly contains the roll, pitch and yaw rate
gyros that are used for rate feedback stabilization of the [ACS control loops.
The tareec rate gyros form a single subassembly simiiar to that shown in

Figure 25.

3.5 SENSOR

The FACS is designed to be suitable either as a solar pointing
or stellar pointing system. Under separate procurement, GSFC has contracted
for development, of a suitable stellar sensor. To permit earlier flight tests
of the FACS, the Phase I and Phase II FACS programs utilize a solar scuasor de-
veloped by GSFC. The solar sensor has been designed tc have a similar output
characteristic to that of the planned stellar sensor, thus facilitating conver-

sion from a solar pointing to a stellar pointing FACS, and vice-versa.
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The GSFC solar sensor utilizes four Ball Brothers <type FE-5
calibratel silicon photo-voltaic ce:ls as the basic sensirg elements. Trese
four photo-voltaic cells are mounted on a solid metal block. The block estab-
liches the necessary relative alig-ment of the four ceils, and provides a hect
sink to keep the sensor at minimws drift when the cells are cénﬁected in pairs

of orposing polarity.

Ti.e output of each celi-pair is amplified in e Burr Brown Model
1503 orerational amplifier. In tie breadboard version, amplifier gair was ad-
Justed to provide the desired output sensitivity near null of S.O'mv/arc sec
when operated with a Melpar, Inc., Model SS5-i4 Solar-Source Simuiator, which
has an intensity of aprroximately 1,60 that of the sun in space.

The linear field is approximately + 15 arc minutes wide. Sajurated
signals persist out to about i_lOO. The useful range of the sensor during three

~“axis simulator tests was about i.lo. This iimitatioa was imposed by the 5-inch

diameter of the col._imated solar source simulator.
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Section i

FECS PHASE I PROGRAM

k1 WCRK STATEMENT ITEMS

SGC shall provide the facilities, materials, and personnel neces-

sary to furrish the fcllowing items:

Item 1 - SGC shall prepare a compliete set of electrical schematic
diagrams and a test outline covering plarned tests for
the major components and subassemblies of the prcposed
Fine Attitude Contrcl System (FACS) for the Aerobee 150
sounding rocket. SGC shall also prepare a complete func-
tional description thit ties in with the schematic dia-
grams and which covers the step-by-step operation of tte
system. The schematic diagrems and functional descrip-
tion must be approvec. by GSFC prior to construction of
the breadboard FACS. However, procurement of key com-
ponents in the breacboard FACS can be initiated prior
to such approval. 'rhe test outline must be approved by
GSFC prior to actw.l testing of components of tune FACS.

Item 2 - SGC shall conduct an analysis of the ~resent IACS flight
pneumatics. ‘
Item 3 - SGC shall conduct a comprehensive single-axis analog

simulation of “he FACS. SGC shall prepare a report
covering the enalog study.

Item 4 - SGC shall procure a solar simulator to permit checkout
of the integrated FACS.

Item 5 - SGC shall construct a breadboard FACS in accordance with
the GSFC approved design using “he control parameter
values determined from the analog optimization stuuy.

Item 6a - SGC shall conduct bench checks of the breadboard FACS
at SGC in accordance with the approved test outline.

Item 6b - SGC shall deliver the bench-tested breadboard FACS to GSFC.

Item €c - The FACS three-axis simulator final acceptance testing shall
be at GSFC on the Aerobee simulator. SGC shall provide the
necessary liaison and technical services during the period-
of the three-axis simulator tests and acceptance testing
at GSFC.
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Item 7T - Task deleted.

Item 8 - S gvall prepare a final report on the breadboard FACS.

) DESIGH

The basic structure that nouses the FACS electronics i an all
welded and machined aluminum crucifcric and ring-deck arrangement, as shown in
Figure 8. T _.is type of structure rainteins acceptable dimensional stability
and rigidity to insure that the seising elements and the attitude-control ref-
erences are accurately aligned at all times, and that the balance of the entire
FACS-Simulator assembly is not aisturbed on the air bearing. Machined surfaces
and alignment marks were used to provide the alignment of the solar seusor,
roll-stabilized piatiorm, and rate-gy;0 package, in relation to each other and
to the FACS-Simulator interface. The open cruciform mounting compartments in-
corporate excellent access and serviceability in a rigid configuration. All
equipment and unit c*tachments, as well as c2bling tiedowns, are machined into
the structure. The resulting FACS package -5 inches in diameter, and 20

inches long, not including the fine sensor.

The breadboard packaging design was based on a modular concept,'
as specified by the requirements of Section 2.3, incorporating each of the sub-
assemblies described in Section 3.4. The programmer, IACS control electronics,
and SACS control electronics subasseimbly breadboard packaging was partially im-
plemented by the use of several small printed circuit board modules that were
modiried frow another SGC program. These modules included the full triggers,
half triggers, absolute valve circuits, valve drivers «nd the demodulators. In

addition, the programr:r used several other modifiea modules.

An example of the subessembly packaginy technique is shown in
Figures 18 and 19. The lotter shows the rear view of the subassambly and il-
lustrates the mounting stand-of:Ss and plug-in technique uged for attoching to
the main FACS structure both mcchanically and electrically. This rear view
also shows the mounting of the modules. The leads of the modules, transfcrmers,
relays, transistors, and amplifiers all extend through the vector boards to the

front side of the subassembly shown in Figure 18.
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The umbilical ccnnector for electriczal interface with the GSE is
shown in the lower compartment of the photograph presented in Figure 7. The
photograph alsc shows one of the four access holes (one ir each quadrant) in
<he rear mounting ring for electrical interface cables interconnecting tre FACS

and GSFC Si.iulator.

The breadboard FACS design conforms tc or surpasses the GSFC spec-
ification requirements of Scction 2.5 of this report. Schematic diagrams of
all the breadboard FACS subassemblies are presented in Appendix I. A complete

parts list of the subassemblies is presented in Appendix TI.

4.3 ANALYSIS

_ The FACS Phase I program included extensive analysis carried out
on the analog computer covering all ~spects of system performance. An analysis
was also made of the reaction jet pn. matic circuits now used with Space-
General's Aerobee 150-150A Attitude Control System.

4,3.1 PNEUMATICS ANALYSIS

As required by Work Statement Item 3, an analysis was made of the
pneumatic circuits used in the Aerobee 150-150A. The resulting report was sub-

mitted to GSFC and is included herein as Appendix III.

Pneumatic circuits for the FACS will he designed dur.ng Phase II
of this program. The material presented in Appendix III defines the character-
istics of presently used systems. The "high thrust" circuits of the FACS will
probaviy be cimilar. However, somé changes may be expected due to addition of
the "low-thrust" circuits and to repackaging of the roll control valve-nozzle

hardware.

4.3.2 ANAIOG COMPUTER STUDY

Computer studies were carried out in support of the FACS design
effort. These studies formed the basis for assessing the suitability of design
features aond were used to establish settings for all parameters. A report

covering this work was submitted to GSFC (Reference 1). The findings were
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closely examined at GSFT by computer studies reported in Reference 2. Good

correlation vas obtained hetween the two studies.

An objective cf the program was to examine the correlation be-
tween the analog simulation and tests conducted with the FACS on a three-axis
simulator. These tests are described in Section L.5. Tests results led to
some changes which were subsequently incorporated into the analog simulation.
A series of analog computer runs was then made which duplicated the conlitions
examined on the three-axis simulator. A comparison of results is discussed in

Section 4.5.7. Specific changes from the analog simulation of Reference 1 are

described below. Also inecluded is a description of the mechanization for each
change.

h.3.2.1 POSTTION GYRO SIGNAL LIMITING

During three-axis simulator tests, Zener diode limiters were in-
stalled toc produce voltage limiting of the position gyro output signals in the
JACS. This rermitted a reduction in the setting of rate gain and thereby alle-
viated overdamping during maneuvers made at high control moment acceleratiion
levels. Section 4.5 treats this in detail and includes a definition of the

i1imiter characteristics.

The computer mechanization of this change is shown in Figure 29
(block diagram) and Figure 27 (computer circuit diagram). A diode function gen-
erator was employved to duplicate the limiter characteristics; DFG settings are

shown in Table 3.

L.3,2,2 MANEUVER RATE GAIN

Three-axis simulator tests led to selection of maneuver (high)
rate gain = 1.55 sec in the IACS pitch and yaw circuits. This change was in-

corporated in the final computer simulation where:
1"
K, /Ki = 1.55 seconds (Potentiometer Q24 set at .0690)

The effective rate gain is increased substantially above this level
by the signal limiter as the lag angle increases beyond the break point of the

limiter.
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Table 3

DFG SETTINGS FOR POSITION SICNAL
LIMITER STMULATION

Segment Quadrant Gain Breakpeint Slope
1 Cs - -- 8.2
Low 8.2 11.4
L Low 1k.0 17.3
5 . Low 33,0 28.0
6 lTow 5.5k --
11 -CS -- -- -8.2
13 2 Low -8,2 -11.4
1y 2 Icw -14.0 -17.3%
15 2 Low -3%.,2 -28.0
16 2 Low -75. 4 -
Parallax = O
h.5.2.5 VALVE CHARACTERISTICS

The high-thrust (coarse) valve characteristics were adjusted into
closer corresunc-ieice with valves used on the GSFC simulator. The low thrust
(fine) valves were set to the "C" characteristics of Reference 1. Response

characteristics and potentiometer settings were as follows:

Fine Course
Time to energize (sec) .012 .010
Time to de-<nergize (sec) LO1T .019
Potentiometer Settings: ®R>5 = 009k Q03 = .0194
Q9 = .009k4 Ql2 = .09k
QT = .2000 Q4 = .0178
Q15 = .2000 Q1L = .0178
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h.3.2.4 MANEUVER TORQUING

Initial te=sts on the three-axis simulator indicated a discrepancy
in maneuver chavacteristics as compared tc aralog results. Maneuvers on the
simulator did not produce a steady-stace condition (constant rate, constant lag
angle) in wid-maneuver. Thi, «c3 attributed to an incorrect simulation of gyro-

torquing <l.aracteristics on the computer.

The computer simulation was corrected by modifying the gyro-

torquing characteristics from

{, (wc)man = constant

to the following:

b, = () .

c man cOSs ¢€

Mechanization of this change is shown in Figure 28 (block diagram)

and Figure 29 (computer circuit diagram).

A technical note discussing the effect of gyro torquing character-
istics on meneuver characteristics was submitted to GSFC. This note is reproduced
in Appendix VIII. It does not include the position limiter effects. Therefore,

the recommended change in rate gain was superseded by the introduction of limiting.

4.3.3 ROLL SIAVING ANALYSIS

In the FACS, slaving of the redundant gimbal of the yaw gyro is
deferred until three-axis capture is complete. This method was questioned at
the time of proposing. An analysis was prepared to justify the approach. For

completeness, the analysis is included in Appeadix IX.

L. L BENCH TEST

Bench checkout of the breadboard FACS was performed in three
phases. The first phase involved testing of the electronic modules to insure
compliance with design requirements prior to installation into subassemblies.

Phase two of the bench test was & subassembly calilration and functional
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.checkout at the environmental temperature extremes. Phase three involved the
functional checkout of the completely integrated breadboard FACS at the environ-
mental temperature extremes. Aiso included in the systems bench test of phase
three were functicnal tests performed on a single-axis simulator and on the SGC
3-axis simulator. A solar simulator was used, during the singlc-axis tests, to
functionally test the fine sensor while operating with the breadboard FACS.

The 3-axis tests performed at SCC were limifed to funcfional operatihg tests to

assure preper operation upon arrival at GSFC.

h.h.1 SUBASSEMBLY AND MODULE TESTS

Bach of the FACS breadboard subassemblies was individually tested
to verify its stability of calibraticn and proper functional operational behavior
under a variety of operating conditions (e.g., varying supply voltage, loading,
signal level, temperature, etc.). Each subassembly was subjected to. and tested
over, a temperature range from +40°F to 120°F in accordance with a test outline
submitted to, and approved by GSFC. The bench test data for all of the subassem-
blies is presented in Appendix IV.

All of the pre-fabricated modified modules used in the subassembliec
were functionally tested prior to installation. The full trigger, haif trigger,
absolute valve circiit, and demodulator modules were fully tested for stability
and functional operation at the temperature extremes. The test data for these

modules is included in Appendix IV.

h.h.2 SYSTEM TEST AND CALIBRATION

Calibration of the breadgoard FACS was performed without the roll
stabilized platform, rate gyro package; or the fine sensor connected to the sys-
tem. The connectors normally inserted into these sensors were used to apply in-
put signals for static calibration of thre various gains and trip levels through-
out the system. Tests were conducted %o verify the stability of calibration and
proper functicnal operation through the temperature range. Calibration of the
telemetry signal conditioning circuits is presented in Appendix VI. The bread-

board FACS calibration and system bench test data is presented in Appendix V.
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After calibration and temperature tlesting the breadboard FACS,
the system was tested on a single-axis simulator in conjunction with a solar
simulator tc verify proper operation of the fine sensor with the completely in-

tegrated breadboard FACS.

The final test at 3GC, prior tc shipment to GSFC, was performed
on the SGC air btearing simulator. Two test runs were made. The first run was
conducted with the system in the "IACS only" mode of operation to examine the
basic system operation. The secord run on the simulator was designed to es-
tablish that the system would transfer from TACS to SACS control of the vehicle.
Neither solar source nor fire valves were implemented for this test run. The

obJject of the second run was to verify overall system readiness for shipment.

bl VIT TEST

The FACS incorporates an improved technique for maneuver angle
control. This technique is tased upon an automatic adjustment cf the gyro-
torquing time to compensate for temperature and voltage variations. The ap-

proach has come to be known as the "Variable-Time Torquing” concept (VTT).

As implemented in the breadboard FACS, both current and voltage
at both windings of the gyro torquer are monitored. DC voltages proportional
to these quantities are summed together with a DC reference voltage and inte-
grated while gyro torquing is in process. The integrator output is compared
to an adjustable voltage which is set to provide the desired maneuver angle

and torquing is terminated when the integrator output exceeds this voltage.

GSFC breadboarded and tested the VIT circuits. Excellent results
were achieved with a modified circuit which utilized only the current-monitoring,
and reference-voltage portions of the circuit. This modification (the "current-
only" mode) results in simplification of circuitry. SGC was directed to conduct

tests thereof and to make recommendations for the final form of VIT circuits.

A series of tests using four FMLOG-2 gyros was made. The results
of these tests ﬁere reported in Reference 3. During GSFC-SGC coordination meet-
ings at the end of Pnase I, the "current-only" mode was selected for incorpcra-

tion in the prototype FACS.
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4,5 THREE-AXIS SIMUILATOR TEST

Final acceptability of the breadboard FACS was demonstrated in
the three-axis simulator facility at GSFC, Greenbelt, Md. Figure 30 shows a
photograph of this recently-completed facility. The central gas-bearing sup-
ported structure is housed within a light tight enclosurc. A Melpar, Inc.,
Model SS-4 Solar-Source Sim-lator provides an image of the simulated sun in
a 5-inch coliimated light beam which is directed towara the forward end of
the structure. The FACS was mounted upon the structure and the solar source
simulator was aligned with the FACS solar sensor. The gas-bearing-supported
structure incorporated a 25-VDC battery pack, telemetry equipment, solencid
valves and nozzles for reaction Jjet control of attitude, and nitrogen gas
storage for the reaction jets. The facility also included auto-collimator
equipment for monitoring pitch or yaw angular position near the target-

pointing null region.

This facility provided the capavility for evaluation of FACS per-
formance, essentially free of restraint, through despin, maneuvering, acquisi-

tion, and limit cycle operation.

4.5.1 TEST DESCRIPTION

The objective of the three-axis simulator tests was to show con-
formance with all requirements for FACS operation. Additionally, a comparative
evaluation was carried out to permit selection of the best of the four alternate

configurations examined during the analog study.

A fixed program, suitable for all tesis, was incorporated in the
FACS programmer. This program is outlined in Teble 4. It provides for maneu-
vers in both directions in each control axis, four on-target holds periods, and
four target-acquisition sequences. Since only a single solar-source "target”
was employed, all acquisitions subsequent to the first were accomplished by pro-
gramming, in sequence, maneuvers away from and returning to the target pointing

orientation.

In the target-pcinting orientation, the FACS controlled pitch and

yew attitude to maintain the vehicle roll axis pointed at the solar source.
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BREADBOARL FACE PROGRAMMEER SEQUENCE

Table b

FOR 3-AXIS SIMULATCR TEST

Time Maneuver Axis Maneuver
Program Telay and Magnitude
Position (sec Direction (Deg)
1 C Yaw CW 75
2 65 Yaw CW 30
3 0] Yaw CCW 30
L 65 Pitch CW 15
5 0 Pitch CCW 15
6 65 Piteh CCW 20
7 Pitch CW 20
8 270 or 65 Roll CW 30
(adjusted )
9 0 Roll CCW 30
10 0 Yaw CCW i)
11 0] - | .-

Roll attitude control maintained the yaw axis vertical (i.e., the yaw plane was

horizontal).

In this orientation, sctivity in the yaw plane was essertially

free of gravity effectls whereas the pitch plane activity was occasionally in-

filuenced by a less-than-perfect balance of the simulator.

The typical operating sequence for each test was as follows:

a.

Vehicle oriented approximately 750 yaw displacement from
target.

All systems on, remove umbilical.

Manual rcll spin-up (this step was frequently omitted to
reduce gas consumption).

Automatic start signal to FACS programmer.
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e. "Coast-Time" delay.

f. Despin and roll capture.
g. Pitch and yaw capture.
h. Yaw 750 maneuver.

i. Target acquisition.

Je Target-pointing limit cycle.

k. Maneuver and hold sequence (as ocutlined by Table 4) culminating
in final 75° yaw maneuver return to initial orientation.

1. IACS 1imit cycle.
m. Insert umpvilical and shutdown.

During each test, telemetry data were transmitted to a receiving
station located outside the facility enclosure. A listing of telemetered func-
tions is shown in Table 5. Real-time recording of eight selected functions pro-
vided means for quick look interpretation of results. All functions were re-

corded on magnetic tape and replay recordings were made =3 desired.

Continuvous recordings were made during each test utilizing an auto-
collimator in conjunction with a mirror mounted on the aft end of the simulator
structure. These data were used to correlate the actual yaw angular displacement
with the displacement indicated by the corresponding output signal from the solar

Sensor.

The solenoid valves used for reaction jet control exhibited the follow-

ing characteristics at 200 psig inlet pressure:

Open Response Close Response
Valve Time - ms Time - ms
Pitch and Yaw High Thrust 8 17
Pitch and Yaw Low Thrust 10 17
Roll 16 1k

63



Table 5

TELEMETRY MEASUR MENTS FOR THREE-AXIS SIMULATOR
TEST OF FACS

Channel Measurement
1 +5 VDC Telemetry Reference
2 Electrical Ground
3 Yaw High-Thrust Values
y Program Position
5 "G" Switch and Arm Roll
6 Pitch Tcw-Thrust Values
T Yaw Low-Thrus. Values
8 +15-VDC Monitor
9 -15-VDC Monitor
10 26-v /0° Monitor
11 26-V /90° Monitor
12 Pitch Position Blowup
13 +28-VDC Monitor
b Roll Valves
15 Slave Roll Torquer
15 Yaw Torquer
17 Pitch Torquer
18 Roll Torquer
19 noll Position
20 Slave Roll Position
21 Piteh Position
22 Yaw Position
23 Roll Rate
24 Pitch Rate
25 Yaw Late
26 SACS State

27 Yaw Valve Switchover



Table 5 (Continued)

TELEMETRY MEASUREMENTS FOR THREE-AXTS SIMULATOR
TEST OF FACS

Channel Measurement
23 Torque Loop Closure
29 Pitch Valve Switchover
30 Sensor Pitch X 10
31 Sensor Pitch
32 Sensor Yaw X 10
33 Sensor Yaw
3L Pitch High Thrust Valves
35 Roll Capture
36 Pitch Capture
37 Yaw Capture
38 Yaw Position Blowup
Ly 400-cps Frequency Monitor
g 28 VIC for "G" Switech
48 "G" Switeh
Lo +28-VDC Power

50 Ground Power



Measured moment arms for the reaction jets were:

Pitech and Yaw High Thrust 5.55 ft
Pitech and Yaw Low Thrust 5.74 £
Roll 1.25 £t (between nozzles)

Measured moments of inertia were:

Pitch and Yaw 320 ft-1b-sec”
Reoll 6.09 I"t-lb-sec2

The sirmlator included provisions for setting reaction jet thrust levels (and
therefore, acceleration levels) by pneumatic regulator adjustment. Independent
adjustment was available for pitch and yaw high thrust, pitch and yaw low thrust,
roll thrust, and despin thrust. The adjusting regulators exhibited a rising
characteristic. That is, the regulated »pressure increased slightly as the supply
tank pressure decreased. Thus, typically, the preset acceleration level was ob-
served to increase by approximately 10% in the course of a single run. In the
discussions to follow, the indicated velues for acceleration refer to the

levels existing at the start of a run.

One of the simulator test objectives was to select the best of four
FACS system configurations. Differences between configurations were minor and
involved only the method of implementation of IACS pitch and yaw rate g£iin and
the method of position error level detection. The configurations were cate-

gorized as follows:

Configuration Description
I Dual Detector, Bi-level Rate Gain
IT Dual betector, Single Rate Gain
III Single Detector, Bi-level Rate Gain
v Single Detector, Single Rate Gain

When dual detectors are used, one initiates rate gain change and

the other initiaies SACS Enable.

When a single detector is used, both functions are initiated by

the same detector.

When bi-level rate gain is used, a higher value of rate gain is

made effective during maneuvers than during limitc cycle.
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k5.2 MANEUVER EVALUATION

The character of maneuvers is established by parameterse associated
with IACS operation and by the control acceleration (a,) produced by the high
thrust reaction jets. The selection of IACS rate gain provides the principle
means for adjustment of maneuver benavior. When bi-level rate gain is vtilized
(Configuration I), then the level at which rate gain change occur. exercises in-

fluence over the terminal portion cf the maneuver.

The range of acceleration zxamined during three-axis simulator
tests was from o, = 1.4 to 4.0 deg/secE“ This correcponds to a pitch (or yaw)
thrus* variation from 1.75 to 5.0 1b for a woment of inertia of 900 ft—lb—secg.
These values are representative of operation in arn Aerobee 150 where blowdown
operaiion results in a decreasing thrust level as gas i, used. Ais previously
noted, the simulater reaction jet typically showed a 10% increase in thrust, and
acceleration, from run beginning to end. Thus the maximum acceleration runs were
usually conducted with a, = 3.6 deg/sec2 at run start. Roll control acceleration
was generally fixed at 7.0 deg/se02 and the =<-a-uastion of maneuver characteristics
was based on observations of behavior ia piteh and yaw. Tiis value of roll ac-
celeration is representative of operation in an Aerobee 150 4v.ing the initial
period of ACS control. DNespin was accomplished with an acceicration level oFf

70 deg/sece.

L.5.2.1 INITIAL EVALUATION

The initial selectior of TACS rate gain was be . o the require-
ment for critical damping at the lowess level of accelerw-i:  Computer studies
led to selection of algh rate gain = 2.3 seu ‘o satisfy .- - requirement. Op-

eration at higher levels of acceleration is then overdomned. The initial simu-
lator tests substanticted that very high frequency jet -cwtion cccurred at maxi-
man acceleration. The "hammering" iuposed on the soleroid valves was cause for
céncern. Therefore a remedy was introduced in the form of voltage limiting in
the TACS pitch and yaw position channels at the demodulator output. Figure 31
shcws the experimentally-determined result of this limiting. It then became
possible to reduce the high rate gain and thereby substantially smooth reaction

Jet activity.
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h.z.2.2 MANEUVER EVALUATION RUNS

After incerporation of pitch and yaw position signal limiting,
the hign rate gain was reduced to 1.55 sec. Iow rate gain remaired unchanged
at 1.25 sec. An ovishoot of 5 to 70 was then seen after a 750 mansuver at
Ic = l=h_deg/sec2. This was accepted as tclerable since testing established

that premature enalbiing cf the SACS does not cccur under such conditions of

overshoot.

Figures 32, 33, 34, 35. 36, and 37 show maueuver characteristics
with configuration I for aé = 1l.4, 1.9, %.0, ard 3.6 deg/seca, respectively.
A c.mparison of Figures 32 and 33 reveals that a seven degree cvershoot oc-
cured after the first 750 yaw maneuver, where a, = 1.4 deg/secg, and that no
cvershoot occurred after the last yaw maneuver when aé was measured (post-run)
at a& = 1.7 deg/secg. Observation of Figure 32 also shows that SACS enabling

(i.e. torque loop closure) does Lot oeccur unsil settling is complete.

At higher acceleration levels, overdamped characteristics pre-

.vail. Figures 36 and 37 show maneuvers from simulator run 51 which was con-
. ducted at tie meximum acceleration level. Although overdamping is clearly

»eyident, jet action is essentially one-sided and thus rate removal is accom-

plished without waste of impulse.

Parameters which are useful for comparison of maneuver character-
istics inclinde maximum lag angle (maximum gyro-to-vehicle engular eri JT), maxi-
_”_L_mum_vehicle rate, and maneuver time. Thece parameters are shown in Table 6 for

| the first ?50 yaw wareuver and the first 20° pitch mav~uver at various levels

of acceleration. This table includes data for beth configurations I and IV.

In. configuraticn I, a change from high rate gain (1.55 sec) tc low rate gain
’ ~ (1.25 sec) occurs during terminal maneuver when the gyro error is less than 2°.
‘ In configuration iV, high rate gain is retained at ail tirmes. This minor 4if-

‘ference has no significant effect on maneuver characteristics.

Test results from the 750 maneuver did demonstrate signif'icant
variations in lag angle when operating at o = 1.k deg/seca. In Table 6, a
comyarison between runs 40 and 47 (with all conditions presumably identical)

shows a. difference in maximum lag angle of more than 90. It appesrs that this
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Note:  *Approximate In linear range near null £2.5V NOM)
See Appendix V1 for Telemetry Caltbration Data

Figure 37. FACS Maneuver Characteristics for Acceleration = 3.6
deg/sec® (Three-Axis Simulator Run 51 Continued)
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Table 6

MANEUVER PARAMETERS
FROM THREE-AXIS SIMULATOR TESTS

FOR 75 DEGREE YAW MANEUVER

Maximum Maximum

High Thrust Maneuver Lag Vehicle Ref

Accelerstion Time Angle Rate Run

(Deg/Sec?) Configuration (Sec) (Deg) (Deg/Sec)  No.
1.4 I 2,0 > L5 10.6 Lo
1.k I 2.4 36 8.6 g
1.9 I 15.0 32 8.2 L8
3.0 I 15.2 33 7.5 ige
3.6 I 15.6 33 7.0 51
1.4 v 21.9 46 9.5 L5
3.6 Iv 16.6 30 8.1 b

FOR 20 DEGREE PITCH MANEUVER

1.4 I - 12 6.5 Lo
1.k I - 13 4.k L
1.9 I - 12 5.9 L8
3.0 I - 12 5.9 Lo
3.6 I - 10.5 5.9 ol

T6



parameter is very sensitive to acceleration variation when operating at low

levels of acceleration.

Maneuver time 135 essentially the same at all acceleration levels
2 .
except when overshoont occurs. Thus the runs at OE = 1.4 deg/sec show an in-
. . 2 . . ‘4
crease of © to 9 seconds in TS5  maneuver time. As noted, this condition does

not result in premature enabling of the SACS.

4.5.3 ACQUISITION EVALUATICN

The process of acquisition is considered to start at the end of
an IACS maneuver when the pitch and yaw position gyro error signals have been
reduced to a value lower than that established by the SACS-enable level de-
tector. When this condition exists for one second, torque loop closure is

initiated.

The acquisition sequence typically requires removal of large
(0.4° to 4.0°) line-of-sight errors. This is accompllsned by torquing the posi-
tion gyros toward the target and thus producing hlgh-thrust jet action as thke
vehicle follows. When the position gyro errors are again reduced to a low
value for one second, switchover to the low-thrust jets occurs and the fine-

pointing limit cyecle is established.

When acquisition 1s accomplished smoothly, valve changeover oc-
curs only once without subsequent dropout and repeat. For this type of action,
body rates established by IACS high-thrust jet control must be low enough so
that the low-thrust jets can slow the vehicle without overshoot beyond the
SACS-enable detector level.

Thus most runs were made using a combination of high acceleration
settings for the high-t.rust jets and low acceleration settings for the low-
thrust jets. After satisfactory acquisition was shown for this "worst case"
comblnatwon, acquisition behavior was evaluated over the range @, = 1.4 to 3.6

deg/sec® and G, = .0k to 0.18 deg/sec”.

Mixing ratio (KM) alsc influences acqguisition. This is the ratio
of gyro error signal to sensor error signal maintained by the SACS torquing

loop. For a given sensor line-of-sight error, higher values of KM result in

7
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larger position gyro error signals. This tends to produce heavier high-thrust
valve action. It is possible o raige KM to & level where acquisition cannot
occur, or to reduce KM s0 low that acquisition times are too long. A range of

KM from 2.0 to 4.0 was examined.

The setting of the SACS-enable level detector also influences ac-
quisition. Position gyro errors must be greater than this level to produce
high-thrust valve action. Thus it is possitie to set this level so high that,
for a given KM’ ne high-thrust valve action occurs and thus acyuisition is
slowed. The detector level can be reduced so low that the time available for
removal of rates by the low-thrust valves is too short and excessive repetition

of switchover occurs, which also slows acquisiticn.

4.5.3.1 INITIAL EVALUATION

Early tests indicated that satisfactory acquisition could be
achieved for KM = 2.0 and with the SACS-enable level detector at 0.4°. However,
a difference in acquisition behavior between pitech and yaw was observed with yaw
exhibiting a more oscillatory tendancy. Although gravity effects sometimes af-
fected pitch, it was established that this did not explain the differences in
behavior. Test records showed higher residual rates in yaw at switchover. An
interchange of pitch and yaw rate gyros resulted in transfer of the effect and

thus established rate gyro performance as the cause.

The rate gyros used in the FACS breadboard had been used for lab-
oratory checkcut and in flighkt. To determine whether the yaw rate gyro had be-
come defective, the rate gyros were tested on a single-axis simulator. The sim-
ulator was driven so as to apply step changes in rate input to the gyros. All
three gyros exhibited satisfactory performance for large signals. (This was to
be expected since maneuver control of the FACS had been satisfactory.) However,
ot lower rates corresponding to levels characteristic of target acquisition,
the yaw gyro showed a sluggish responée. Tigure 38 shows the comparative be-
havior of pitch and yaw rate gyros at 0.2 deg/sec; Figure 39 is similar, but
at 0.1 deg/sec. They show that the yaw gyro response to a step change is much

slower and that its output amplitude is reduced.
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The roll rate gyro was als. checked and appeared comparable to
the pitch rate gyro. A similar satisfactory cneck wvas obtained with three rate
gvros obtained GFE from GSFC. One of these gyros was v.ed to replace the de-

fective yaw rate gyro.

Subsequent FACS tests on the three-axis simulator verified that

the deficiency in acquisition was corrected by replacement, of “he yaw rate

gyre<.

k.5.3.2 ACQUISITION EVALUATION RUNS

The effect of parameter changes on acquisition was somewhat dif-
ficult to quantitize. The time required for acquisition and the number of
switchovers accompanying acquisition were enmnployed as indicators. The line-of-
sight error existing at the time of torque loop closure was not determinable.
Random variations in this quentity were sufficien* to produce a similar random
variation in acqﬁisition performance. Nevertheless, by observation of several
acquisitions, the effect of a given parameter charge was sufiicient’y dircern-

able to permit selection of appropriate settings.

. . (o) .

The line-of-sight error was never greater than 1.0 . Thnis was
because the geometrical relationship of solar source collimated beam width and
. - e o .

sencor distance-from-ball required a pointing error of less than 1.0 if the

sensor was to be illuminated by the source.

Each simulator run involved four scquisitions. Occasicnally, due
to an improper initial alignment condition, the line-of-sight error at torgque
loop ciosure after the first 750 yavw maneuver was greater than 1.0° and the
sensor was therefore not illuminated. In these cases the vehicle was moved un-

il the sensor entered the collimated beamn and normal acquisition followed.

L.5.3.3 EFFECT OF MIXING RATIO ON ACQUISITION

Mixing ratio was veried from 2.0 to 4.0 for Coniigurations I and
IV. Table 7 summarizes the result. ¥or ezse of presentation, an average time
for the four accuisiticns of each run is shown. {(The average neglects the first

acquisition in those cases where a manuz) assist was necessary.) Also, the
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Table T

EFFECT OF MIXING RATIO ON ACQUISITION

~
(o, = 3.6 deg/sez", a, = .Ub deg/sec®, SACS-Enable Detector at 0.4°

Average
Acquisition Average
Time Number of
Config. K (Sec) Changeovers Ref. Run
Yaw Pitch Yaw Pitch

T 2 5.8 L.9 1.3 1.0 35
3 6.6 4.9 1. 1.2 37
Y 5.5 6.8 2.0 2.7 36
v 7.3 6.4 1.2 1.5 b3
3 5.7 6.0 1.5 1.5 L3
L 3.5 4.5 1.0 1.3 Lo

number of switchovers is averasged. It is, of course, not possible to produce
a fractional switchover; nevertheless, the averaged value dcss provide an indi-

cator of the stability of acquisition.

The averaged data show that Configuration IV is more suited to
operation at iigher mixing ratios than is Configuration I. Configuration I
produced fastest acquisitions with minimum changeover when KM = 2. The advan-
tage of higher mixing ratios with Configuration ~ had been shown during analog
computer studies. Although the simulator tests confirmed this (Configuration IV
showed best performance at Kﬁ = %), the seiection between Configurations I and
IV was based on both operating at KM = 2. The decision to avoid use of higher
mixing ratios took cognizance of the fact that mixing ratio is dependent upon
the sensitivity of the solar sensor.
prior to flight.

feet is equivalent to an increase in mixing ratio.

Some uncertainty is expected to exist

If the actual sensitivity is greater than predicted, the ef-

il

Thus a mixing ratio of KM
2 was selected. Both configurations produce acceptable acquisition at this

setting and both make acquisition even if mixing ratio is doubled.
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L.5.3.4 EFFLCT OF LEVEL DETECTOR ON ACQUISITION

SACS-eaable level detector c<ettings of 0.50 and 0.4° were ex-
amined. Little difference in acquisifion »ehavior results from so small a
change in detector level. A seilting of 0.4° was selected on tre basis of pro-
viding a margin oi safety in the event of out-of-tolcrancc performance of rate

gyros or 1ow thrust jets.

4.5.3.5 EFFECT OF CONTROL ACCELERATION ON ACQUISITION

After selection of Configuration I as the preferred configuration
(see Section h.5.5), satisfactory acquisition was demonstrated over the expected
range of hign-thrust acceleration (@ = 1.4 to 3.6 deg/secg). Tablz 8 presents
a summary of averaged acguisition data. Also shown is the effect of low-thrust

acceleration, ..

Figures 40, 41, and I2 show a series of yaw acquisitions ‘rom sim-
ulator runs made at ac = 1,9, %».0, and 3.6 deg/sece, respectively. These run
records show position gyrc a 4 sensor sigrals, both high- ard low-thrust jet
action, and torgue loop closure and “orquer action. The runs were made with

ap = 0.12 deg/sece.
Figure 43 is a similar record showing yaw acquisition with aF
rz3uced to 0.06 deg/secg.

Tris testing demonstrated satisfactory acquisition rerformance

from Configu-ation I with principal parameters varied over the fcllowing range:

Mixing Ratio - 2.0 to 4.0

SACS-Enable Level Detector - 0.3 to 0.4°

Low Thrust Valve Switcning Threshold - 5.0 tc 22.5 arc sec
High Thrust Acceleration - 1.4 to 3.6 deg/sec2

Low Thrust Acceleration - 0.06 to 0.12 deg/'sec2

The parameter values selected for the prototype FACS were:

Mixing Ratio - 2.0
SACS-Enable Level Detector - 0.4°
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Table 3

EFFECT OF ACCELERATION ON ACQUISITION
FROM THREE-AXIS SIMULATOR TESTS

Conliguration I
Mixing Ratio = 2

SACS-Enable Detector at 0.L4°

Variaticn - Ligh-Thrust Acceleraticu

(Low-Thrust Jet Switching at + 22.7 arc seconds)

Contrel Average Average
Acceleratgcn Acquisition Number cf
(Deg/Secc ) Time (Sec) Changesovers
High Low
Thrust Thrust Yaw Pitch Yaw Pitch
1.4 .12 4,3 4. 3 1.0 1.0
1.9 .12 2.8 3.2 1.0 1.0
3.0 12 3.1 3.k 1.0 1.2
3.6 .12 6.9 4.6 1.2 1.0
Variation - Low Thri.st Acceleration
(Low-Thrust Jet Switching at + 10 arc seconds)
Controcl Average Average
Acceleration Acquisition Number of
(Deg/Sec?) Time (Sec) Chingeovers
High Low
Thrust Thrust Yaw Pitch Yaw Pitch
3.6 .12 3.2 3.8 1.0 1.0
3.6 .06 5.1 5.8 1.0 1.0

Ref'erence
Run

Reference
Run

\1
no

8L
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h.5.4 LIMIT CYCIE EVALUATION

During testing on the three-axis simulator, attention was di-
rected primarily to evaluation of the on-target limit cycle control established
by the SACS circuits operating on signals from the solar sensor. The program-
mer sequence did, however, permit observation of IACS limit cycle characteris-

tics after the final yaw maneuver.

k50,1 IACS LIMIT CYCLE

The TACS limit cycle is established by the IACS control circuits
operating on signals provided by the position and rate gyros. The limit cycle
characteristics are sensitive to rate gain and tc *the acceleration produced by
the high-thrust reaction Jets. A suitable value for pitch and yaw low rate gain
(KR = 1.25 sec) had been established by analog computer studies and was retained
throughout testing of Configuration I on the simulator. Alsc, the switching

threshold was set at + 0.250 and was not changed.

The focllowing tabulation indicates the effect of yaw high thrust
acceleration (ac) on the IACS limit cycle pericd. It should be noted that the
limit cycle periods shown are cnly gerneral'y indicative of performance. Irreg-
ularities in the limit cycle make a precine determinaticn unfeagibtle. Tivis may
be seen by observation of the high-thrust jet action shown during program pc~
sition 11 in Figures 33 and 57. In the former figure, for a = 1.k deg/sec s
the yaw high-thrust Jjet action shows a point at which an external disturbance

was required to excite a limit cycle.

TACS LIMIT CYCLE CHARACTERISTIC

High Thrust Yaw Limit
Ref Acceleration - Cycle Period -
Run No., Deg/Sec2 Seconds
ik 1.4 8
48 1.9 8
49 3.0 6
51 3.6 4

89



Control acceleration levels in the rcll channel were set to 7.0
deg/secg for most runs, with a few runs made at 1.0 deg/seceﬂ Three-axls sim-
ulator run 51 was conducted at 7.0 deg/sec2 with rate gain KR = 0.88 sec. The
1imit cycle period in roll was observed *o be apprc.imately 2.0 seconds. Un-
fortunately, the runs made with the lover roll acceleration level (1.0 deg/secg)
exhibicted roll unbalance which prevented determination of the characteristic

limit cycle.

When operated with the Aerobee 150-150A, the IACS contrcl acceler-
ation is dependent upon the pressure of rezidusl helium in the vehicle tanks.
The system is operated in a blowdown fashion and a gradually decreasing thrust
level results from gas usage. The intent of testing here was toc show satisfac-

tory limit cycle behavior over the anticipated range of acceleration level.

h.5.k.2 SACS LIMIT CYCLE

Tests were conducted to evaluate the SACS limit cycle sensitivity
to variations in low-thrust zcceleration and to valve-switching threshcld level.
The effect of variations in derived rate gain was not examined. A suitable value
for the lead time constant (0.6 seccnud) had been established by analog computer

studies and was used throughout the teste.

Acceleration levels were varied over a range of 0.04t to 0.18 deg/
secg. When operated in an Aercbee 150, the SACS reacticn jet thrust level will
be fixed by use of a pneumatic regulator. The objective of testing here was to
establisl. a preferred level. Acquisition was shown to be reliable over the in-

dicated range; the effect on limit ecycle is discussed below.

The SACS valve-switching threshold level was varied over a range
from + 22.5-arc seconds down to + 5.C arc seconds. The switching threshold cor-
responds to the angular error which will produce valve-control-trigger action
for zero body rate. When the 1limit cycle is established, the characteristic

body rates tend to produce Jet turn-on at lower position errors.

Setting of threshold level for switching at a desired angular
error is dependent upon calibration of the solar sensor. The sensor characteyr-
istic is in turn dependent upon the illumination level provided by the solar-
source simulator. Prior to three-axis simulator tests, sensor calibrations had

g0



been made using a photo-voltaic cell as a reference for source intensity. The
reference cell was utilized to establish the solar-scurce intensi.y at the GSFC
facility so as to provide a desired solar sensor sensitivity of 5 mv/arc second.
Autocollimator measurements during limit cycle indicate that the actual sensitiv-
ity was slightly higher near null. Hcwever, since all settings were made on the
basis of 5 mv/arc second, this scale factor has been used for all data reduction

involved in the following discussions.

The examination of the lower amplitude limit cycles is relaied o
the unticipated requirements of solar pointing experimenters. A target goal
here is tc maintain limit cycle amplitude within + 10 arc seconds while holding
body rates below 5 arc second/second. The FACS tests demonstrated the capabil-
ity of prcducing the low-amplitude limit cycle. However, body rates were signi-

ficantly higheir than the deslired 5 arc seconds/second,

Preliminary evaluation tests were conducted using a promising tech-
nique for approaching this goal proposed and implemented by GSFC. The technique
herein referred to as "delayed feedback'", represents a simple form of pulze-
width control. Results of these tests are discussed in Section 4.5.8. The fol-
lowing discussion is concerned with limit cycle characteristics of the FACS with-

out delayed-feedback circuits incorporated.

L,5.L,2.1 SACS LIMIT CYCLE - CORRELATION OF SENSOR AND AUTOCOLLIMATOR

Figure W&, showing data obtained from three-axis simulator rua

4O, is typical of the correspondance shown between tne autocollimator tracking
signal and the output signal from the solar sensor. Close agreement is seen in
the transient behavior of the two signals. This quality of agreement lends con-
fidence as to the dynamic-tracking capebility of the autocollimator. There is,
however, an apparent small discrepancy between angular displacement as indicated
by sensor and autocollimator. That is, based on a sensor sensitivity of 5 mv/arc
second, the angular displacement indicated by the sensor is greater by approxi-
mately 10% than the displacement indicated by the collimator. It appears quite
likely that (at least for this run) the sensor-source combination was suck as to
produce a sensitivity at the sensor output of 5.5 mv/arc second when ovnerating

nesr null.
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The sensor-suurce calibration data cbtained prior to three-axis
simulator tests wacs achieved by measuring sensor output with line-cf-sight er-
rors of several arc minutes. The day-to-day setting of source intensity was
alsc subgect to slight error. Under these circumstances the cor.elation is
considered quite good. Also, errors in the order of 10% do not sericusly af-

fect any of the findings from the simulator tests.

h.5.k.2.2 SACS LIMIT CYCLE DESCRIPTION

Fortions of nine three-axis simulatcr tests have been excerpted
to show the effect on limit cycle of variations in low-thrust acceleration (QT)

. . -
and valve-switching threcshold.

Figure 45 shows operation et a threshold setting of + 22.5 arc
n
seconds for Q. = 0.18, 0.12, 0.08, and 0.04 deg/sec”. Clearly showa is the re-

duction in limit cycle frequency, and increase in angular displacement as af is

reduced.
Figure 46 shows similar reccrds for a threshold setting of +1C arc
soconds,and Figure 47 shows records cbtained with a threshold of +5.0 arc

seconds.

A sumary of results is shown in Table S. It is seen that the
amplitude of limit cycle was held satisfactorily low. The indicated vehicle
rates represenv the highest values observed over a periocd of approximately 25
seconds. In all cases examined they were higher than desirable for solar point-
ing. For example, Table 9 shows a maximum rate of 58 arc sec/sec with the thres-
hold at +10 arc sec and af = 0.06 deg/sec23 this .s an order of maganitude greater
than desired. Incorporation of delayed-feedback produced considerable improve-

merit as discussed in Section %.3.8 below.

Testing indicates that for operation without delayed feedback, a
low-thrust acceleration of 0.06 deg/sec2 represents the nest selection. This
value is low enough to provide reasonable limit cycle characteristics, and high

enough to produce reliable acquisition. The tests demonstrate thsat limit cycle

. amplitudes as low as 19 arc seconds can be achieved at this thrust level.
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Table 9

SACS TIMIT CYCLE CHARACTERISTICS
(Without Delayed-Feedback)

FROM THREE-AXIS SIMULATOR TESTS

Switching Low Max . Max.
Threshold Thrust Peak-to-Peak Avg. Vehicle Ref.
Level Acceleration Amplitude Pericd Rate Run
(arc sec) (deg/sec?) (arc sec) (sec) (arc sec/sec) NO .
+22.5 .18 21 0.5 116 TJ
12 33 0.9 96 L7
.08 39 3.0 50 21
Ok L2 5.4 29 2%
+10.0 12 32 0.7k 145 5k
.C. 16 0.54 58 52
+ 5.0 12 28 0.77 129 57
.08 17 0.55 7 8E
.0k 12 0.53 Lp 8¢
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.85 CONI'IGURATION COMPARISON

Simulator test find'ngs resulted in selection of FACS Configura-
tion T for follcw-on design. Although four configurations were checked, the
final selecticn was based upon a comparison of Configurations I and IV. This
was because the differences between configurations were co minor that each ex-
hibited closely similar performance. Therefcre the advantages of dual vs single
detector and single-level vs bi-level rate gaiin couid he zscertained by a direct

comparison of Configurations I and IV.

As discussed in Section L4.5.2, the configuration change produced .

no significant effect on maneuver characteristics.

Inherently, the configuration change produces no effect on SACS
limit cycle. Single level vs bi-level rate gain can influence the IACS limit

cycle but testing did not demonstrate a discernable difference.

As discussed in Section L4.5.3, the configuration change did in-
fluence acquisition behavior. Although both e..hibited satisfactory behavior,
Configuration I was shown to be better suited to operation at low mixing ratio.
A comparison was made of vehicle body rate at the time of switchover to the low-
thrust jets. The following *tab.lation shows the wesult of averaging this vslue

for four acquisitions:

Configuration I Configuration IV
High Thrust Acceleration - deg/sec2 3.6 1.4 3.5 1.1k
Mixing Ratio 2.0 2.0 2.0 2,0
Body Rate at First Switchover - deg/sec 0.095 0.062 0.150 0.117
Ref. Runs 35 Lo L1 L5

Configuration I characteristically produces the lowest rates at
changeover. This attribute is advantageous for a smooth transition to SACS

oreration.
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Although some component simplificabion would have been possible

by selection of Configuraticn IV, the acquisition behavior of Configuration I

was Judged sufficientliy superior to warrant its selection.

4.5.6 FINAL CONFIGURATION SUMMARY

Simulator tests were conducted at various levels of high-thruszt

acceleration for the sclected Configuration I.

Maneuver characteristics have been shown in Figures 32 through 37.

Acquisition characteristics have beexn shown in Figures 40, 41, L2,

and 43.

SACS limit cycle characteristics have been shown in Figures L5,

46 and L7.

Of the parameters and configuration features evaluated during sim-

ulator tests, the following selections were made:

a.

Configuration I, dual detector, hi-level rate gain was
selected.

Position signal limiting vas incorporated in the IACS pitch
and yaw channels.

Roll rate gain switching accomplished at roll capture and
locked thereafter.

IACS pitch and yaw rate gains set at 1.59 sec (high) and 1.25
sec (low). Roll rate gain set at 1.5k sec (high) and 0.88
sec (low).

Mixing ratio set at 2.0.

SACS-enable detector set at 0.4°.

[a)
Low-thrust acceleration at 0.08 deg/sec“ preferred unless
delayed feedback incorporated.

SACS valve-switching threshold cettings between 22.5 and 5.0

arc seconds found acceptable; can be adjusted to suit mission
requirements.
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L.5.7 CORRELATION WITH ANALOG CQMPUTER STUDILS

Analog computer runs were made for the purpose of assessing the

degree of correlation with 3-axis simulator tests.

4.5.7.1 MANEUVER CHARACTERISTICS

Maneuver runs mad~ on the znalog computer show the same general
characteristics as observed during 3-axies simulator tests. Sample analog re-
cords for a 750 maneuver are shown in Figures 48 and 49 for high thrust accel-
eration levels of 1.4 and 3.6 deg/secg, respectively. Similar records are
shown for a 20° maneuver in F gures 50 and D1l. (Note: The configlration and
parameter values applicabie to each of the analog computer records reprcduced

herein have been tabulated in the run index of Table 10.)

Tahle 11 shows a tabulation of maneuver parameters obtained from
analog records. This may be compared airectly with the similar tabulaticn for
3-axis simulator tests shown in Table 6. A comparisor will show that analog

results generally yield:

¢ Slightly shorter maneuver time, ﬁd
4 Lower values c¢f maximum lag angle, ¢E
max
. Slightly higher maximum vehicle rates, ¢max

To account for the differences, the correspondence between the
two simulations with respect to several parameters which significantly affect
maneuver characteristics has bezn eramined. The parameters consideread signi-
ficant are high thrust acceleration, ac, gyro torquing rate, WC’ and effective
rate gain, KﬁE' The time constants associated with the valvas and amplifiers
are thougnt to be sufficiently small to heve negligible effects on iM’ wE s
and &max*' e 4

The effect of a difference in ac, alone, between the two simula-
tions can be assessed from the results obtained. As ac increases from 1.k deg/

2 2
sec” to 3.6 deg/sec”, the trends of TM' oo and wmax characteristically vary
max

* Tt is recognized, however, tha® these time constants can have a significant
influence on impulse expended during maneuver (c.f. Reference 1, Section &).
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Figure 48. 75° Maneuver st a. = 1.l deg/ sect (Analog Run 21)
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MODE SICNAL { ‘OLTS)
oy (SEE NOTE)

il UUEG W )

e
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i
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Figure 49. 75° Maneaver at q, = 3.6 deg/sec2 (Analog Run 24M)
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Tarle 1t

ANALOG STMULATION MANEUVER PARAMETEES
FOR 7> DEGREES YAW MANEUVER

[ighk Thrust

Acceleration Mant.auver Maximum Mz?:u'mum Analog
RS Time Iag Angle  Vehicle Rate Run

(deg/sec”) Configuration (sec) (deg) (deg/sec) Number
1.4 I 19.3 a7 9.u 21M
1.9 X 1h.5 29 8.8 oM
3.0 I 1L.8 25 8.C 273
3.6 I k.7 25 8.2 2lm
1.k IV 19.5 37 10.0 15M
3.6 Iv 15.0 25 8.k 11M

FOR 20 DEGREES YAW MANEUVER

1.4 I 10.8 17 5.2 1M
3.6 I 7.k 13 5.6 ™
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from their highest vaiues at ac = 1.4 deg/se02 to relatively constant values az
ac increases toward 3.6 deg/sec2. If ac, alcne, were the difference, the man-
euver characteristics obtained from both simulaticns shculd then be the same at
the high acceleration level. However, a comparison of the results shows signifi-
cant differences at ac = 3.6 deg/sece. This indicates that differences in O

alons cannct account Zor the dilferences in maneuver results.

Thne csteady state lag angle in a ramp command, position-plus-rate,
system is proporticnal to both the effective rate gain, W&E’ and the gyrc torqu-
ing rate, QC. The gyrc sine pick-off and pesition sigral limiter are ncenlinear -
ities in the FACS which cause KﬁE to be a functicn of the lag angle, WE. The
cteady state condition is not realized for TDO (and smalier) maneuvers. This is
true of poth simulations. Both simulaticns alsc show that fcr 750 maneuvers ¢max
is attained nearly simultineously with and a thrust-cff state. Thus, cper-

max
atiorn at thisg pcint is cn The switching line.
If QC were less in the analog simulaticn ithan in the air tearing

simulsztion, the generally lower ¢ crrained in the analog sivaiaticn 0413
max
be attributed to a ¥ difference. However, if §. were less in the analog siu-

wlation, ?M should be greater and %n’x shou.d bte less, in general, for the ana-
Cow.

log simulation. The resulte show the converse tc be true. Therefore, the dif-

ferences in results cannot be attributed, in a consistent manrer, to differeaces

in @C alone.

The possitility that the switching logir and corresponding KFE in
the analog sim.lation differed from that in the 3-axis simulation was examined.
First, the compliance of the analog switching logic wi.u the hardware test re-
sults was checked. Figure 52 shows the results. The switchihg line with limit-
ing was derived from the position-limiter calibratioca test results for a rate
gain setting, Ki/Ki = 1.55 seconds. (The switching line without limiting is
shown for reference only. It is the logic used in Reference 1 adjusted for
rate gain.) Then yaw rate, @, and lag angle, vE’ were '=2ad from the analcg
traces at thrust-¢’f conditions. These values were superimposed on the switch-
ing line graph. It is evident that he hardware test vresults were properly

simulated on the analog computer. A compavison of analog simulation and 3-axis
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simulaticn switch points was made based cn the and ¥ values shown in
ma.x
X

Tables 6 and 11. As previously stzted, these vilues occur simuitanecuwsly and
with thrust-off for a 750 maneuver. The compariscon i3 shown in Figure 3. T*
is seen that the indicated switch points from the air vesring simul=ticn iie
belowv the reference switch line, whereas thcose from the analog simulution ere
distributed along the reference swit_ 1 line. The dispersion of the swit:.h
points suggests that a statistical treatment cf the data is appronriate. A
statiztical apprecach is further justified in consideration of the uncertzint ies
in the accuracies of both the analcg and J-z~v1g simulatcr data and un ertain-
ties concerning external disturbances which existed during the 1v bearing tecte
(air disturbances and c.g. offset torques, for example'. A guesl-stalfictizal
comparison of the results from the twe simuliaticrns is prezented in Tubie 12,

T

Devigticns are given as a percentage cf the reference as indicated. he ef -
fective rate ga.n compariscn is bzsed on the dats chown in Figure 5%, Here,
effective rate gain is defined as

wE
max

e 7 F

max

It is seen that the KﬁE for the analcg simulaticn nearly zcincides with that
derived from hardware test data; tLhe percentsge deviaticn hag sn average value
of —0,08% and an rms value of 2DT%0 The 5-axis simulatcr data yields a KRE
which has an 18.4% higher value and this compares fairly well witth the 22,19
higher average value for §, obtained. Tne lcnger T (~7.7%) and lower ¢M
(_795%) obtained from 3%-axis simulatcr dats are consistent with the indizated
higher KﬁEn These results strongly suggest that, during the 3-axis sinulator
tests, the position signal limiter had an cutput in the limited runge approxi-
mately 20% below that irdicated by the position-limiter calibraticn tests. Sub-
stantia.ing hut not conclusive evidence cof this cculd be obtained by a rerun cf
several conditions on the analog computer with the position signal limiter cet,

in the limited range, to limit 20% lower than previcusly.

The foregoing ccmparison ¢f aaalog with three-wuxis simulatcr re-
o] s c
sults refers to the 75 maneuver condition. The results from twc 207 analcg

simulation maneuvers are shown in Table 11 for ccmparison with results n
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Table 12

COMPAKRISON OF ANALOG AND 3-AXIS SIMULATOR
MANEUVER RESULTS FOR 75 DEGREE MANEUVER

Percent Deviation from "Hardware Test" Switch
Line Effective Rate Gain

Average RS

Devistion Deviaticn
Analog -0.08 2.7
%-Axis Simulator +18.4 19.7

Percent Deviagticns of 3-Axis Simulation Results
from Analog Simulation Results

Maneuver Time Maximurn Lag Angie Moximar Vehinzle Rate

Average  RMS Average Ms Average RMS

7.7 8.6 22.1 2L 2 -7.5 8.3
Table 13

MAXIMWM LAG ANGLE COMPARISON
FOR 20 DEGREE MANEUVER

High Thrust Maximum Lag Angle (deg)

Acceleration, ac

(deg/sec) Analytical Analog 3-Ax.s SimulaHr
1.k 16.3 17 13
3.6 11.2 12 10.5
L
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Table 6. Again it is seen that the 20° maneuver has not approached steady statle
ramp conditions at completion of the ccmmand. Alsc, for lag angles of the order
indicated, 170 maximum, the position signal is not so significantly affected by
the ronlinearities. Figure 50 shows tiat for o, = L.b deg/secg, a convinucus
thrust pulse exists from initiation of command éhrough the time at which maxi-
mum lag angle occurs. That is, the switching line is not encountered prior tc

. 2 . .
Yor . Figure 51, where ac = 3.6 deg/sec , shcus a single pulse drovcut with
max -
recurrence in the same direction to the completion ¢f the 20" command and the

point of wE cccurrence. It appears thamn for a 20° command , ¢E is then
max max
primarily dependenc on the magnitude of command, wa s the command rate, ¢m,
max
and the acceleration level, ac, ag follows:

2
i wcmax
= - -_— (04 mm—— = Do 7t
WE q!C 2 ¢ 1]%
max max C
Table 13 compares the #E cbtained in the simulaticns with that obtained from
max

the above equation solved for rominal values. The major difference is that the

o)

. . “ / e . o ®

3-axis simulator shows a somewhat lower wE at OtC~ = 1.4 deg/sec . This dif-
max. ’

ference is most likely the result of aifferences in psrameters which appear in

the right hand member of the above equetion or is attributable tc external dis-
turbing torques in the three-axis simulation. The Qmax cbtained for 20° maneu-

vers are roughly the same in hcth simulations.

bh.5.7.2 ACQUISITION EVALUATION
Acquisition time, TAC’ is the most important characteristic as-
sociated with acquisition in chat a T, . increase cr decrease is in direct trade-

AC
of f with an on-target viewing time decrease or increase, respectively. Acquisi-

tion results from the analog simulation are shown ln Tables 14 and 15. These
may be compared with the three-axis simulator results of Tables 8 and T,

respectively.



Mable 1%

EFFECT OF ACCELERATION CN ACQUISITION,
CONFIGURATTON I

Mixing Ratio = 2
SACS - Enable Detector at 0.4 Degree

Variation - High Thrust Acceleration
(Low Thrust Jet Switching at +22.5 Arc Seconds)

Control

Accelerat;on Acqulisition Time Number of

(deg/sec”) (Seconds ) Changeovers
Yew Yaw
High Low . =0 _.4C .

Thrist Thrust  VEOT O =0C —3%  YgoT o .3
1.k 0.12 8.5 2.5 11.0 z 1 2
1.9 .12 11.6 5.9 11.9 2 1 2
3.0 0.12 9.0 k.9 7.9 £ 1 2
3.6 0.12 10.9 3.4 7.5 2 1 2

Variation - Low Thrust Accelecation
(Low Thrust Jet Switching at +1C Arc Seconds )
Control

Accelerat%on

(deg/sec”) Acquisition Time Number of
(Seconds ) Changeovers
\ Yaw Yaw

High Low ¢ =.1'_30 o o =+3o ° o

Thrust Thrust EC =0 =-3 EO_ 7 _ =0 ==3
3.6 0.12 11..6 R 8.0 2 1 2
3.6 0.06 9.8 9.8 9.8 2 1 2

Analog
Run__

ol

Analcg

.

25A

2hN
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Table 13

ANALO: STAULATICE EFFECT OF
kit

MIXTKG RATIO ON ACQUSITION
{ - Z £ Aas! 2 - ~1 2 — T £ e
(o, = 3.5 deg/sec, a, = 06 deg/secx”, € = C.lbdeg, §_ = °C deg)
1 z 3x8,
Acguisiticn
- Tire Anszlcg
funfiguration M (sez) _Run
13w tav
I 2 10.0 1 £y
3 6.2 2 34
Y Loy 1 24
iv 2 10.5 1 11A
3 8.0 z 134
L 6-9 z 128

Acquisition characteristics are predcminantly affected by'wEO, the
difference between the fine sensor and gyrc references at completicn of maneuver.
iﬁq is reauily controlled in the analog simulsztion but is neither easily controlled
nor measured in the three-axis simulation. This and cther differences in terminal
maneuver corditicns, rates for example, <2isallow a direct quantitztive comparison

of acgquisition results from the two simulations.

In Table 14, the analog results show that foc Configuratibn I and
KM = 2.0, a coarse thrust jet re-activation, identified as the "number of change-
overs," occurs for the magnitude of wEO = 3.00 and does not occui’ for wEO = 0.
The three-axis simulator results in Table 8 show that, in general, coarse thrus®
jet re-activation did not occur. This indicates that wEO was nearer to zero than
30 for the three-azxis simulator runs. It is aiso noted that the acquisiticn
times observed on the three-axis simulator were generszlly about the same as

shown on the analog for WEO = 0.
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The analog simulation results in Table 15 show a trend cf decreas-

ing T
€ *ac
Configuraticons T and IV. This trend is apparent in the three-axis simulation

with increasing mixing ratic, ﬁq, in the range cf KM evaluated for both

results of Tabl«= T for Configuration IV only.

Typical ecquisition and limit cycle oscillcgraph records from the

analog simulaticn are shcwn in the fellowing figures:
Q Q

c T
Figure deg/sec”) (deg[secg) igg
sk 1.k 0.12 o
55 1.4 C.12 +3
56 1.k 0.12 -3
57 z.6 0.12 ¢
58 3.6 0.06 3
4.5.7.3 SACS LIMIT CYCLE EVALUATION

The analog simulation SACS limit cycis characieristics cf Tatle
16 may be compared with those from the 3-axis simulation in Table 9. Limir
cycle position amplitudes are in ressunably good agreement except for the 10

. - 2 . L
arc second threshold, = 0.12 deg/sec acceleration conditicn. Three-arxis

Q
simulator runs at the lg arc seccnd threshold showed an increase in amplitude
as a% was increazed from 0.05 to 0.12 deg/seczv Analog runs show the opposite
effect as do the 3-axis simulator runs for a 22.5 arc second threshold. The
l1imit cycle during 3-axis simulator tests exhibited s low thrust value duty
cycle approaching 1004 (see Figure 46) for the 10 arc second tkreshcld with
a% = 0.12 deg/secau The corresponding analog record (see Figure 59) exhibits

a much less severe duty cycle.
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Table 16

ANALOG SIMULATION SACS LIMIT
CYCLE CHA ACTERISTICS

(wW.. :ont Delayed Feedback)
Switchning Low Max Max
Threshold Thrust Peak-tc-Peaic Average Vehicle Analog
Level Acceleration Amplitude Pericd Rate Run
(ar. sec) (deg/sec?) (arc cec) (sec) (arc sec/sec) Number
+22.5 012 30.0 L.35 18.0 2142
0.0% 37.0 10.1 9.0 13A
+10.0 0.12 9.66 .93 18.k - 25A1
0.06 12.3 3.0% 9.7 26A1

The three-axis simulator limit cycle rates are consistently higher
and limit cycle periods consistently lower than those obtained in the analog sim-
ulation. Based on nominal parameter values, the rate amplitude is not highly
sensitive to small variations in threshold in the SACS. Rate amplitude is sen-
sitive to acceleration, but it is unlikely that accelerations would differ con-
sistently in the same direction from one simulation to the other. It is rel-
atively insensitive to small variations in derived rate gain about the nominal
(cf. Reference 1, Section 7). Sensitivity to valve trigger hysteresis is rel-
atively small. However, the limit cycle rate amplitude is highly sensitive to
the effective cumulative lag in the systew. The effective cumulative lag varies
directly with valve dropout time, fine sen«o. .expcnential lag(s), and derived
rate circuit exponential lags. The effective cumulativg lag in the analog sim-
ulation is of the order of 7O ms and was sc established to duplicate lag char-
acteristics of the FACS system. Substantially greater lags would have to be
introduced into the analog simulation to duplicate the limite cycle rates and

per’ “« seen on the three-axis simulator.
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4.5.8 DELAYED FEWDBACK - PRELIMINARY INVESTIGATION

A series of J-axis simulator tests was conducted to evaluate the
effe * of delayed feedback on SACS cperation. An adjustment of parameters was
achieved which produced a significant improvement in SACS cperation. However,
further improvement is considered pcssiblie and work is urnderway to realize the
full potential of this technique. The findinrge shcwn herein are then considered

preliminary.

The objective of this modification was to impicve the SACS limit
cycle characteristics by reducing body rate. The 3elayed feedback provides a
relatively simple form cf Jjet pulse-width control. Figure 60 shoﬁs the imple-
mentation. It may be seen that a voltage occurringat either valve trigger wiil
be fed back through a delay circuit and summed with bthe so: .r senscr error vcit-
age. The sign cf the feedback voltage is selected sc that it oppcses the vclt-
age which initially produced trigger action. The effect desired is to produce
more rapid valve turn-off. By pfoper adjustment of the feedback circuilt paran.-
eters, the minimum jet-on time may be substantially shcriened and the hody

rates thereby reduced.

Pigure 60 alsoc shows the parameter values used during * -sts on
the three-axis simulator. It may be noted that the transfer funetion for feed-
back from the clockwise valve trigger is more complex than its counterpart
counter-clockwise circuit. This dif'ference wasg not specifically desired obut
rather resulted from the manner in which the circuit was set up. Purther ia-

vestigations now underway utilize a simple first-order lag term on each side.

Nevertheless, using the inplementation an? parameter values shown,
an encouraéing impro#ement in SACS 1imit cycle was achieved. Simulator tests
were run to demonstrate this improvement and to establish that no detrimental
effect on acquisition performance resulted. With the low-thrust valve thres-
hold set at + 10 arc seconds, low-level acceleration at 0.12 deg/secg, and

high-level acceleration at 3.6 deg/secg, it was observed that:
L Maximum limit cycle peak-to-peak amplitude was 19 arc sec.
¢  Maximun body rate was 25 arc sec/sec.

* Average acquisition time (8 acquisitions) was 2.6 seconds.
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The extent of imprcvement is rerhaps best seen ©y noting that the
system withoit delayed feedback prcduced maximum 1imit cycle body rotes of 145
arc sec/sec under these conditicns. Tt is also observed that acquisiticn times
were actually shorter with feedbazck installed althcugh testing was limited and

this may be coincidentel.

It becomes difficult now to define the "pericd” of limit cycle.
The delayed feadback causes the character of limit cycle to become much less
periodic. This may be seen in Figure .1 which reprcduces a portior of three-
axis simdator run 56 showing acquisition and limii _,cle behavior. The traces
labeled "low-tharust valve" actualiy monitor the valve drivers. Thus a very short
pulse may not result in valve opening. It appears, by correlating the valve
trace and the sensor output trace, that much cf the activity at the driver 4did
not procuce valve opening. In such cases the feedback removes the turn-on sig-
nal pefore valve action can cccur. I% can zlsc be seen that the occurance of
boGy rates as high as the qucted 35 arc sec/sec maximum is restricted to short
tme intervals and is associated with CCW jet a-tion. Generally, body .rates are

substantialliy lower.

These results have led to4continued examination of the Jelayed
feedback technique. Since improvement sc substantial can be gained by use of
simple circuits, delayed feedback will alsc be incorpcrated in the IACS control

channels.
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St

Se.ticn 9

SYSTEM CHANGES (PHASE TT)

At the ceonclusion cf three-sxic :imulator teste, a review of find-
ings was made and agreement reas:hed cn the ecsentisl festures ¢f the prototype

FACS.

5.1 OPTIONAL FEATUREE - SELECTION OF ALTERNATE

The breadboard FACS was designed tc permit evaluation cf several
cptional features. A determinaticn of the preferred festiires was made and the

protctype FACS will reflect this determination ae fcllcws:

. Bi-level rate gain will be uged in the IACS pitech and yaw
chamnels.

¢ Dual detecters, cane for 1ACS capture indicaticn and cne for
SACS enzbling, will be usfed in the pitch and yaw Channels.

A\ koll rzte gein change will crour at the convieticn of roil
captur« and the lower rate gzin wil:. be retained thereafter.

i The rate-cnly control mode in pitch and yaw wil! be effective
until roll capture 1ls ~ompletie. Posgificn plus rate (ontrcl
will pe retained thereafter.

5.2 DESIGN CHANGES

Design changes to FACS gubascemblies will be carried out during

Phase IL. These changes are listed below:

¢ Roll Stabilized Platform

(1) The servo amplifier will be replaced to provide a better
match of amplifier to motor.

(2) The platform will be modified to precvide an improved
static balance.

(3) The housing will be medified to incorporate seals.
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Static Inverter

(1) The integral short circuit protection will be removed
and provision made for replacement with external short
circuit protectioci.

(2) Design changes will be made to increase efficiency.

TACS Control Unit

(1) Gyro position signal limiters used in the breadboard
FACS pitch and yaw channels will be retained and sim-
ilar provision will be examined for the roll channel.

(2) Delayed feedback circuits will be incorporated in the
roll, pitch and yaw crannels,

(3) Series diodes at the despin and CW rcl. valve will be
eliminated.

(4) The amplifier provided for the gingie-level-detecter
cption will be eliminatel.

(5) Capture level detector triggers will be redecigned to
substitute fixed resistors for the pctenticmeters ZRL,
785, and ZR6.

(6) Slave rcll triggers will be redesigned tc substitute
fixed resistors for the potentiometers ZKl4 and ZR1S.

SACS Contrcl Unit

(1) An improved version of the aelayed-feedback circuits
will be incorporated.

Programmer

(1) Based on optimization studies to be conducted during
Phase II, the VIT circuits will be modified to the
"current-only" mode.

(2) The VIT compensation for ianer gimbal lag angles will
be extended in range.

Telemetry Signal Conditioner

(1) Isolation circuits shall be incorporated as necessary
to permit FACS calibration without the conditicner
installed.
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Junction Box

(1) Series diodes will be remcved from the valve circuits.

(2) Umbilical and test cable requirements will be re-
examined.

Cround Support Bquipment

(1) The provision for 3-wire-synchro offset caging will be
retained and the provision for 2-wire offset caging
will be eliminated. Offset requirements become + 20
in pitch and yaw, + 907 in roil.

(2) All cases of falsge indications will be eliminsted from
the console display.

(3) Voltmeters will be incorporated in the console display.
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Section €

CONCLUSIONS AND RECOMMENLATIONS

Test of the Fine Attitude Control System has demonstrated perform-

ance meeting or exceeding all requirements:
(1) Pointing accuracy better than + 10 arc seconds was achieved.

(2) Target acquisition times better than 10 seconds were
demonstrated.

(3) TIACS-only operation was accomplished without degradation
of performance.

(4) Programming capability suited to mu.ltiple stellar target
use is provided.

(5) Low rate limit cycle capability was achieved by use of
delayed-feedback techniques.

(6) Gyro offset caging provisions met range and accuracy
requirements.

(7) The FACS and all subassemblies successfully underwent spe-
cified envirommental tests.

(8) Ground support equipmert compatibility was establlshed by
bench test and three-axis simulator test.

Based on this successful demonstration of acceptability, follow-on

develorment of FACS prototype and flight units is recommended.
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